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UDC 621.039:621.039.311.2

A nuclear-fueled space heat and électric power generating plant (the Bilibino ATETS [auclear ther-
mal electric power station]) is being built in the Soviet Union on the Chukchi peninsula (Chukotka), near the

village of Bilibino.

mining and industrial district, and to supply space heat to the village of Bilibino.

The function of this power station will be to supply electric power to the Bilibino—Chaun

The development of the northeastern polar regions of the USSR, which are rich in minerals, is di-
rectly connected with the expansion of the power resources and power base in those areas.

T
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Fig. 1. Basic flowsheet of Bilibino nuclear-fueled heat power and electric

power generating station (ATI*iTs): 1) reactor; 2) fuel channel; 3) sepa-

rator drum; 4) mixer with effective head; 5) deaerator; 8) working feed-

water pumps; 7) emergency feedwater pump; 8) turbogenerator; 9) inter-
separator; 10) turbine condenser; 11) radiator coolers; 12) pumps serving
radiator coolers; 13) hotwell pumps; 14) low-pressurereheater; 15) iron-
trapping filter; 16) basic power grid reheater; 17) peak-load power-grid
reheater.

The lack of

Translated from Atomnaya Energiya, . Vol. 35, No 5, pp. 299-304, November, 1973. Or1g1na1 artlcle
submltted Apr11 4, 1973
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Fig. 2. Longitudinal cross section through reactor: 1) top side
cover; 2) power drive for large rotating cover; 3) central frame
with supports; 4) central rotating cover; 5) standpipes; 6) power
drive for small rotating cover; 7) roller support; 8) sunken founda-
tion supports; 9) load-bearing members; 10) bottom support plate;
11) stacking; - 12) control and scram channel; 13) fuel channel; 14)

. biological shielding tank; 15) reactor vessel; 16) temperature ex-

pansion compensator; 17) top cover plate; 18) ganged headers with

working pipes; 19) check valves.
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Fig. 3. Reactor pile loading arrangement:

®) scram rods (total 8); #) automatic con-
trol rods (4); O) manual control rods (48);
A) neutron flux monitors (24); — — — -)
boundary of reactor core.
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local power resources and the high cost of shipping in fossil
fuels conspire against engineering cost feasibility of even
medium-level industrial operations in the area without re-
course to a nuclear power station {1, 2].

As design and planning work on the Bilibino ATETs
has shown, savings in fuel expenses can prove sufficient to
compensate for the rise in construction costs of nuclear
power stations, paying off construction costs within a span
of six to seven years, not longer.

General Description of Power Station

The Bilibino nuclear power station is designed on the
modular principle, and will consist of four identical reactor
—turbine power units. The electric power output of each
power unit is 12 MW, and each power unit will produce, in
addition, as muchas 25Gcal/hheat. The thermal output of the

" reactor is 62 MW, at steam capacity 96 tons/h. All four re~

actors will be housed in a common reactor department.

The construction of the power station building rests on
a foundation of monolithic reinforced concrete pads with
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prethawing of the foundation soil. The outside wall of the reactor hall is constructed with aluminum panels,
in order to lower construction costs. The presence of four nuclear chain reactors within a single reactor
hall, and the absence of additional concrete walls, has prompted a need to use a containerized method in
reloading of fuel channels. Spent channels in the reactors are unloaded and transferred to storage pools
located in the reactor hall by means of a special shielded container. The positioning of the four reactors
within a single common reactor hall imposes stringent requirements on the effectiveness and reliability of
the biological shielding of reactors, if normal radiation conditions are to be maintained on the premises of
the nuclear power station.

Thermal Power Arrangement

A single-loop thermal power system with a saturated steam cycle (Fig. 1) is employed at the Bilibino
nuclear power station. The steam—water mixture is fed from the reactor to a separator drum. Steam is
fed from there under 65 kg/cm?® pressure and at temperature 280°C directly to the turbine. An intermediate
separator installed between the high-pressure and low-pressure cylinders of the turbine fulfills the task of
drying the steam working in the turbine.

The condensate downstream of the turbine condenser passes through a desalting filter, and then
through a low-pressure reheater to an atmospheric deaerator. The water stream is moved along, at tem-
perature 104°C, via the action of a feedwater pump and enters the natural-circulation loop.

Heat from the turbine condenser is carried off by the water circulatirig through the special loop and
cooled by outside air in radiator coolers.

Water belonging to the heat grid system and intended for the village Bilibino is heated in the basic
reheaters and peak-load reheaters fed with steam from controlled and uncontrolled taps on the turbines.

_ The station turbines were developed and fabricated in Czechoslovakia, and the radiator type cooler
were developed and fabricated in Hungary.

Reactor Design Features

A channel type graphite-moderated water-cooled reactor with tubular fuel elements was the type
selected for the Bilibino power station. Reactors of that type have been giving excellent service at the
Wworld's First Nuclear Power Station [3] and at the Belyi Yar nuclear power station [4]. These reactors
are distinguished by their easy-to-fabricate design modules, restricted size, and weight, features which
enable them to be built on a construction site situated far from main railway lines. In reactors of this
type, the coolant does not suffer contamination by radioactive fission products, and that is particularly im-
portant when dealing with the single-loop thermal power arrangement of the nuclear power station.

The reactor system flowsheet appears in Fig. 2. The reactor is sunk in a pit. The graphite stacking
consists of 200 % 200 mm cross section graphite slugs arranged on an underlying steel foundation plate and
shaped as a cylinder 6 m in diameter and 5.2 m high. Uncooled steel bars are set in the peripheral graph-
ite slugs to provide added stiffening. The entire graphite stacking assembly is housed within a steel pres-
sure-tight containment shellwelded to the top and bottom plates of the reactor and filled with nitrogen gas.

. The fuel channels and channels with control and scram system rods are embedded in the stacking and
form the cylindrical core, 4.2 m in diameter and 3 m in height. The reactor when fully loaded accommo-
dates a total of 273 fuel channels and 60 control and scram channels. Two dozen p-emission rhodium sen-
sors are installed between fuel channels to monitor the spatial distribution of neutrons throughout the active -
region in the graphite stacking. The in-pile arrangement of channels is mapped in the diagram in Fig. 3.

The top of the stacking, of total thickness 1 m, is one of the components of the reactor's biological
shielding. Along with the graphite, the stacking also contains sandwiched layers of cast iron.

The plate on top of the stacking performs the function of a load-carrying metal structure for the chan-
nels and for the piping runs accompanying the channels. The plate is in three sections, and is laid down on

“the annular biological shielding tank, which is filled with water. Pipes running through the plate have

standpipes welded to them, to accommodate the channels. The ceater of the plate is filled with iron—ser-
pentinite concrete [5]. The additional biological shielding placed above the intake and outflow pipe conduit
channels is made of the same concrete mix. The center of this shield is made in the form of two rotating
cylindrical covers, a large one and a smaller one nested within it (the latter eccentrically placed). The
small cover features a reloading hole which is plugged while the reactor is on power. Access to any chan-
nel for unloading purposes is open with the reactor shut down, by rotating the small and large covers.
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Fig. 4. Fuel channelarrangement:
1) pipe connection — outlet for steam
—water mixture; 2) water inlet pipe
connection; 3) head; 4) downcomer
tube; '5) body of top mixing chamber;
6) stepped biological shielding plug;
7) fuel element; 8) graphite sleeve;
9) linear expansion compensation
joint; 10) shielding jacket; 11) dis-
tance spacing piece; 12) bottom dis-
tributor chamber.

Fuel Channels and Control-Scram Channels

The reactor fuel channel consists of six fuel elements, plus
incoming and outgoing steel tubes (Fig. 4. A 25X%1 mm diameter
tube runs the entire length through the center of the channel. Water
flows down this tube to the bottom chamber of the channel and from
there through six tubes fabricated in the form of helical tempera-
ture elongation compensators (expansion pieces), and thereby gains
access to the interior of the fuel elements. The steam—water mix-
ture emerging from the fuel elements is collected in an -annular
chamber and thqves from there to the channel exit. A stepped steel
shielding plug with overlagging cross section over the height of the
plug is placed in the chamber to avert streaming (leakage) of radia-
tion over the chamber.

The tubular-design fuel elements are arranged around the
center tube of the channel in graphite sleeves. The fuel-element
tubes are made of grade 0Kh18N10T steel, and dimensioned ¢12
X 0.6 mm and 20 X 0.3 mm. Uranium-molybdenum alloy (9 wt.%
molybdenum) is dispersed (~50 vol.%) in the magnesium matrix in-
side the tubes. The fuel channels extend 7.7 m in length, and weigh
~150 kg. : .

The channels for the control and scram rods are welded
structures made from six (9.4 % 0.6 mm steel tubes enclosed in
graphite sleeves. The poison rod is placed in the inner gas-filled
cavity of the channel. The rods are moved up and down by cable
drives. The poison rod contains boron steel (2 wt.% boron) bushes
39x% 3 mm in diameter. Heat given off in the rod is taken up by the
water circulating through the channel tubes (three downflow tubes
and three riser tubes). The cooling loop for the rods terminates at
the deaerator. Loop circulation is forced, pressure ~10 kg/cm?.
Cooling keeps the temperature of the poison rods from rising above

700°C.

Natural Circulation Loop

Reliance on natural coolant circilation to pick up in-pile heat
enhances the operational reliability of the reactor, simplifies re-
actor operation, cuts down equipment costs, and cuts down on the
power needed to run the power station proper. The reactor's
natural circulation loop consists of six independent subloops ter-
minating in a separator drum. Each subloop consists of a down-
comer header converting into a horizontal distributor header (¢219

'x 12 mm), a group of fuel channels included in parallel, and an assembled horizontal header converting
into an uptake tube ((p219 X 12 mm). The reactor fuel channels are divided into six groups, according to
the subloops they are associated with. The two central groups (in terms of their placement in the core in
plan-view) comprise 61 fuel channels, two in-between groups comprise 104 fuel channels, and the two peri-
pheral groups account for 108 fuel channels.

The steam—-water mixture from the fuel channels is collected in the assembled ‘headers and moves
through the uptake main pipes to the separator drum, where the steam is directed to the turbine, and the
water separated from the mixture (at tg) is routed to the downflow main pipes. '

Feedwater is supplied to the loop via special mixers installed on the main downcomer lines. The
mixers are arranged in a jet-pump system, so that a certain effective head can be built up in them; the-
working medium ‘is the feedwater. Under steam generation conditions, the effective head of the mixer is
not greater than 8-9% of the dynamic head deyeloped in the loop. It is important to note that the mixer
carries out several operations while the reactor is being started up and cooled down: the mixer makes it
possible to remove air from the subloops alternately while the reactor is being prepared for startup; the

980
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NKka' ' / mixer sets the working direction of circulation before the power
600 7T level is raised; it maintains circulation flow through the loop
{ under deep cooldown conditions.

/
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Reactor Physical Characteristics
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For the first reactor loading, 3% uranium enrichment in
most of the fuel channels was decided upon. Some of the chan-
nels (about 20% of them) were placed on the periphery of the
/ . reactor in order to equalize the power distribution field, and

contain slightly enriched (3.3%) uranium. Over the entire course

/ of the first campaign (until partial reloading), the radial varia-
//’ tion factor of the heat released k. will not exceed 1.3. ky rises
200 7 : to about 1.5 in partial reloading of the channels, because of fuel
burnup. The variation factor over the height of the reactor is
_ 1.35. The total uranium loading in the reactor is 7.2 tons, and
10 2 0 50 kgTen that includes 220 kg ?*U. A reactor with that loading has a re-

activity margin AK/K = 11% when cold, and that is compensated
. by the manually activated control rods.
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Fig. 5. Dependence of limitingpower
output of fuel channel Nx on coolant

pressure: 1, 2) plotted respectively. That reactivity margin means an average output of 5.1 MW
for cosinusoidal and uniform heat days/kg heat power when the reactor is operatingat rated power.
generation over length of channel; 3) The average power output from the fuel is about 8 MW days/kg
working point for peak-power channel. in steady-state loading.

Hydraulic and Heat Transfer Characteristics '

The relative heat loading level of the reactors in the Bilibino power station is quite high. The highest
power output of a fuel channel is 340 kW. The specific heat flux is ~0.75 MW/m?. The temperature rating
of a fuel element is not in excess of 340°C.

Reliability of heat extraction from the fuel channel has been studied experimentally on a special test
stand simulating the reactor's natural circulation loop. The test stand included two full-scale’mockups of
fuel channels with electrically heated simulators of fuel elements. Evolution of heat over the length of the
simulated fuel elements was cosinusoidal and uniform. Circulation parameters in the channels were in-
vestigated on that test stand at pressures from 10 to 70 kg/cm , and factors tending to limit channel power
output were ascertained. It was found that when a certain limiting power output level Njjy, is attained os-
cillations in flowrate take place within the fuel element flow passages, and that impairs optimum heat re-
moval from the element. The level of that limiting channel power output depends, ‘in the specific natural
circulation loop, on the pressure, on the pattern of heat generation over the length of the fuel elements
(Fig. 5), and on the amount of flow throttling.

A certain optimum degree of throttling ensuring the highest value of the limiting power output over
the working range of pressures was found to exist in the case of channels operating in the natural circula-
tion loop. Over the range of pressures 60-70 kg/ em?, optimum throttling is achieved by throtthng the flow
with an orifice plate having the characteristic AP 8000 Gzp (here AP, op is expressed in kg/m Gk
is the rate of coolant flow through the channel, in kg/sec, the inlet water temperature is 250°C). These
orifice plates are installed in the fuel channels at the inlet to the fuel element flow passages.

At the rated pressure 65 kg/em?, a coolant flowrate 2000-2100 kg/h through the fuel channels with
peak power 340 kW is brought about. The percentage content of steam by weight at the exit is ~30%, when
the average steam content taken over the euntire reactor pile is 17% at the exit. The margin for the bound-
ary of the region of stable operating conditions was determined, for that channel, with due cognizance of
the different pattern of heat generation (1.73-1.57 in terms of power, 2.45-1.8 in terms of pressure).  These
reserves in limiting power are responsible for the high reliability of the reactor core from the standpomt
of heat performance. ’

The nature of the transient processes in the startup and cooldown modes of operation was investi-
gated on the test stand, and emergency power reduction response was also investigated on the test stand.
The findings were that the downcomer portion of the channel can become attacked by steam in some situa-
tions, when the power level is lowered in an emergency procedure, and circulation can be cut off with en-
suing overheating of the fuel elements. These phenomena can occur when 4% or more of the total channel
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‘power is transferred from the graphite to the doWncomer tube. The danger of a stoppage in ecirculation in-
creases if the pressure in the loop builds up during a transient. Heat input to the downcomer tube from the
stack graphite is kept under 1% of the power output in the reactors of the Bilibino power station in order to
forestall cutoff of circulation through the fuel channels. This is achieved by increasing the gas clearance:
between the downcomer tube and the sleeve of the fuel channel. Experiments staged on thé test stand in
that mode of heat transfer; with all of the other diverse unfavorable factors operating, revealed that the-
transient developed normally. At the same time, two pressure controllers were installed on the steam line
to the turbine in'order to improve the 01rcu1at1on transient in the reactor loop; ‘these pressure controllers
act to lower the pressure in the loop by 2-3 kg/cm after the turbine check valve is closed, when the emer-
gency control system is energized.

At the present time, construction work on the Bilibino electric power and space heat nuclear-fueled
plant is in its final phases: installation of equipment is being completed, preparations are underway for
‘the physical startup and power startup of the first power generating unit: And the day is not far off when
the first Soviet.polar nuclear-fueled electric power and space heat generating plant will be in service in the
frozen expanses of the far north of the USSR.
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THE VALUE OF PLUTONIUM IN AN EVOLVING
NUCLEAR POWER SYSTEM,

S. V. Bryunian, Yu. I. Koryakin, UDC 621.039.003.5.54
V. L. Lokshin, V. I. Runin, )
and S. Ya. Chernavskii

_The future growth of nuclear energy will be accompanied by significant qualitative changes in its
structure. These will include the introduction of nuclear power plants with fast reactors and the creation
of systems closed with respect to the fuel; in these systems the secondary nuclear fuel (plutonium) pro-
ducible in a nuclear power plant will become one of the basic forms of consumable fuel resources. Under
these conditions the necessity of selection of a rational strategy for the production and consumption of plu-
tonium poses the problem of the determination of the value of plutonium in an evolving nuclear power sys-
tem.

In technical-economic calculations plutonium is not infrequently considered only from the point of
view of production, or only from the point of view of consumption. In the first case the nuclear power plant
is regarded as having the twofold purpose of the production of plutonium and electrical energy, and the cost
of the plutonium is determined by the spacing of the values of the electrical energy and the producible plu-
tonium. Here the plutonium is considered as a commercial product of the system independent of the meth-
od and effectiveness of its future use. In the second case the price of plutonium is determined by compar-
ing it to uranium with respect to its effectiveness from a power-producing and neutron physics standpoint,
when used in a reactor of one type or another. Here the plutonium is considered as a source of neutrons
and of energy independent of the means and costs of obtaining it.

Both approaches possess the shortcoming of considering the nuclear power plant as an isolated ob-
ject, either for the production or consumption of plutonium; this does not give the capability of correctly
taking into account the interactions of the processes of production and consumption of plutonium. Asa
result, the plutonium indices determined in this way do not reflect completely the true costs and benefits
connected with the production and consumption of plutonium, and its consequent value in the national econ-
omy.

The cycle of production, reprocessing, and consumption of plutonium connects all the nuclear power
plants and activities of the external fuel cycle into a single nuclear power system. It is therefore appro-,
priate to consider the value of plutonium as a system concept, and to determine this quantity starting
from the premise that the plutonium in a nuclear power system is doubly internal, both as a product and as
a resource, The plutonium is produced and consumed within the nuclear power system, and outside of
thls system it has no use- value.*

As a consequence of the evolution of nuclear power and the evolving of the processes of production

and consumption of plutonium over time, the value of plutonium possesses a dynamical property; that is,
it can change in time.

The systems approach to the value of plutomum permits a more correct determination of the tech-
nical-economic characteristics of the separate nuclear power plants and activities of the external fuel
cycle, and with the appropriate technical premises permits one to optimally select the output and method
of producing the plutonium in a nuclear power plant during the period of its operation.

*We are talking about power reactor plutonium produced and consumed in significant quantity.

Translated from Atomnaya Energlya Vol. 35, No. 5, pp. 305-309, November, 1973. Original article
submitted July 2, 1973.
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'In the following we will consider a nuclear power system which is closed with respect to plutonium;
that is; a system which does not exchange plutonium with other systems. Then the plutonium is an inter-
mediate product which circulates within the system. '

The value of plutonium in the system is a function of the value of the end product of the nuclear power
system (electrical energy), and is equal to the partial derivative, at'its minimum, of the total cost in'the
system. (for a given electrical energy output) with respect to the quantity of plutonium within the system.

In other words, the value of plutonium reflects the reaction, in the financial expression, of the nuclear
power system (balanced with respect to plutonium) to the onset of an imbalance of plutonium within the sys-
tem. With a correct accounting of the external connections of the nuclear power system, the value of plu-
tonium can be determined from an analysis of the nuclear power system, including within the system the
entire complex of activities from the mining of the natural uranium to the production of electrical energy.

The most important purpose of the planning of nuclear power is the determination of that structure
which would guarantee a minimum of national-economic costs in the system while realizing the required
output of the product, electrical edergy. Here the quantitative expression for the value of plutonium ap-
pears as one of the governing conditions, and the determination of the value of plutonium is one of the
problems of optimally planning a nuclear power system; it can be formulated in this way: to find a quan-
titative estimate of the value of plutonium such that it characterizes the optimal (in the sense mentioned
above) nuclear poweér system with given restrictions on its development.

The systems approach to the determination of the value of plutonium is given in [1, 2], and the struc-
. ture of the developing nuclear power system is provisionally given without its optimization. In [3] is given
an estimate of the value of plutonium for a series of specific structures of the nuclear power system of the
USA.

In its most general form, questions of the optimization of the national-economic system and the de-
termination of the value of resources is considered by Kontorovich, Nemchinov, Novozhilov, et al. [4, 5].

In the present work, the presented problem is solved using a linear mathematical model of the nu-
clear power system which is described in [6], where the method of linear programing is used to analyze
the system. ’

The following problem is solved: in the calculational period from t = 1 to t = T to find the vector x°
(where x characterizes a definite sequence of introduction of nuclear power plants) such that the functional

(C, ) - min 1)
" with the constraints
Az =b. _ : (2

In the expression (1), C is a vector of given costs; each component of which characterizes the total
given costs for the construction and operation associated with the corresponding component of the structure
vector x, while the expression in parenthesis is a scalar product. In the expression (2), A is a matrix of
technological coefficients, and b is a constraint vector. Thus the coefficients of the matrix characterize
the participation of the corresponding component of x in one of the constraint conditions. Amongst such
restrictions as the balance (during the years of the calculated period) of the output, of the producible elec-
trical energy and the consumption of natural uranium, there is present in the model dynamical restrictions
connecting the production and consumption of plutonium with the structure components. The problem for-
mulated by the functional (1) within the constraints (2) corresponds, as is well known, to the complemen-
tary linear programing problem: to find a vector of estimates y° such that

{y, b) — max ' ‘ (3)
with
Ay<cC. | e

It is apparent from (3) and (4) that the vector of estlmates y is a vector of estimates of consumable
and producible resources. :

According to a known theorem of linear programing

(€ =0 D). - e
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From Eq. (5) it follows that the plutonium component of the
vector y° is the desired dynamical value of plutonium (its value in
a closed cycle), and it is determined by the use of programs for the
~solution of ‘linear programing problems.

One of the fundamental factors influencing the determination
of the value of plutonium is the productivity of the nuclear power
plants. Depending on the technical assumptions made the produc-
tivity of the nuclear power plant with respect to plutonium can vary
within wide limits. In this connection, in a variety of problems
concerned with the determination of the value of plutonium, it be-

Value of the plutonium’in the system

FBR contribution to total capacity

of nuclear power plants

i ol , comes necessary.to determine the optimal productivity of the nu-
Fig. 1. Thenature of the influence _clear power plants. The optimal plutonium productivity of nuclear
of arelative increase in cost of fast reactors with a definite technology arises from decreasing the fuel '
breeder reactors (FBR) on their burnup and increasing the amount of primary nuclear fuel involved
contribution to the total capacity of in the fuel cycle while increasing the plutonium production, .and
the nuclear power plants (1) and the also depends on the relationship between the value of plutonium and
value of plutonium inthe system (2); the cost of the primary nuclear fuel.

the value of plutonium whenused only
in thermal reactors (3); the region
where a has an insignificant in-
fluence (4); the region where a has
a significant influence (5).

The problem of the optimal productivity can be solved on two
hierarchial levels: through the consideration, in the nuclear power
system, of nuclear power plants having a wide range of productiv-
ities, and by means of an analysis of the technical-economic indices
of the individual nuclear power plants, taking into account the dy-
namical value of plutonium in the nuclear power system.

A preliminary determination of the optimal productivity of the nuclear power plants enters into the
problem of the first level; there enters in the problem of the second level the increase of this productivity
by the system of utilization during the operation of the reactor, and the optimization of the parameters of
the nuclear reactors and the nuclear power plants, in such a way as to guarantee the optimal productivity.

We present below some results of calculations of the value of fissionable plutonium in a nuclear power
system, for different assumptions concerning its future development. Variants of a two-component strue-
ture of the nuclear power system are considered, consisting on the one hand of thermal uranium reactors
together with thermal plutonium reactors, and on the other hand consisting of thermal uranium reactors
with fast breeder reactors. In the latter case, the year in which fast reactors are first widely introduced
is varied, and the volume of natural uranium reserved involved is also varied. These are the most indi-
cative variants for the analysis of the value of plutonium. ) :

The all-thermal hypothesis of the development of the nuclear power system when there is no con-
sumption of plutonium is not considered, since.the solution of the given problem is obvious in this case
(the value of the plutonium in such a system is zero). The calculation is performed according to a mathe-
matical model described in [6]; the calculational period is from 1980 to the years 2000 to 2010.

When plutonium is used as a nuclear fuel in thermal reactors it acquires a positive value which, if
the conditions of functioning of the nuclear power plants are maintained, is constant during the calculated
period. The effect of using plutonium in this case consists in decreasing the total given costs in the nu-
clear power system, and decreasing the consumption of natural uranium, in comparison with the thermal
model in which the plutonium in the fuel cycle is not recovered. The magnitudes of these effects are rela-
tively small (up to 10%). '

The analysis of the value of plutonium in a nuclear power system with a two-component structure
containing fast reactors possesses the most interest.* Calculations show that the value of plutonium de-
pends on the effectiveness of the use of the fast breeders in the nuclear power system, and this in its turn
is determined by the year of their introduction and technical-economic indicators.

Figure 1 shows the influence, on the contribution of fast breeder reactors (FBR) in the system, of a
relative excess of capital cost (@) of fast breeder reactors, in comparison to thermal reactors; the figure
also shows the influence of & on the plutonium. The year of introduction of the fast breeder reactors is
held fixed. The action of the factor & on the structure of the nuclear power system does not of course occur

*In the present paper questions concerning fast converter reactors are not considered; these possess an
independent character and require separate discussion. '
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~ in an isolated fashion, -but depends on other factors, the most impor-
tant of which are the bréeding coefficient of the fast breeder reactor,
the possible limitations of resources (or the cost of natural urani-
um), and the time of the external fuel cycle. It is possible to identify -
two characteristic values of @: «; and a;. The region of variation
1 < a =< «j is characterized by an insignificant influence of the rela-
tive increase in cost of fast breeder reactors on their contribution to
the total capacity of the nuclear power plants. In this region of’

&
]

<y
|

; tsﬁ:rltno-f variation of @ the nuclear power plants with fast breeder reactors
frodug=) | are unconditionally effective, and their introduction is determined by
FBR' $ technical capabilities and by limitations on plutonium. However, the .
Thermal system | value of plutonium decreases somewhat with an increase in the rela-

Value of plutonium, relative units

~

tive capital cost of fast reactors. If the quantity a lies within the
interval o =a = al,‘ the contribution of the fast breeder reactors
decreases with increase in ¢. The quantity o characterizes the

| P | N limit point for the competitive capability of nuclear power plants with

0
1980 1985 1990 1995 2000 2005 ‘fast breeder reactors.
Years of the calculated period ‘ . ¢

With increasing @ the value of plutonium naturally falls, and
is zero for @y, if the plutonium is not used in thermal reactors, or
is the magnitude of the correéponding worth in the thermal hypothe-
‘sis using plutonium, described above. The larger the scale of de-
velopment of nuclear power, the larger the influence of the magni-
tude of « on the structure and the need for uranium, inasmuch
as the "weight" of the fast reactors increases and the system becomes more sensitive to the value
of a.

Fig. 2. Influence of the time of’
initial introduction of fastbreeder
reactors intoa nuclear power sys-
tem on the value of plutonium.

The decrease in capital cost of fast reactors, which leads to an increase in the contribution of fast
reactors, contributes also to the decrease in costs in the reprocessing of plutonium on account of the capa-
bility of construction of larger enterprises in the external fuel cycle. This in its turn leads to an increase
in the value of plutonium. One should note that the value of plutonium in a system with economical fast
reactors can be several times greater than the value of plutomum in a nuclear power system which is being
developed only with thermal reactors.

One of the most important factors determining the effectiveness of fast reactors (aind consequently
the value of plutonium) is the time at which these reactors are introduced into the system.

Figure 2 presents the results of calculations of the system value of plutonium as a function of the
year of introduction of fast breeder reactors into a two-component structure. From Fig. 2 it follows that,
although up fo the introduction of fast reactors, the plutonium in the system is not used, the value of the _
plutonium during this period is not equal to zero, since it is assumed to be used in the calculational period.
The value of plutonium increases as we approach the point of beginning its use (it increases with a rate de-
termined by the discount cost coefficient), and the value reaches its maximum at the moment of maximum
deficiency. Introducing the fast reactors at a later period of time leads to a decrease in the value of plu-
tonium in the initial period of time, as is apparent from Fig. 2. A significant period of storage results in
delaying the moment of maximum deficiency of plutonium, decreasing the absolute magnitude of its maxi-
mum worth.

The economic indicators of the production of uranium and of its reserves are the most important
factors determining the value of the plutonium worth. As: calculations show (Fig. 3), even insignificant
limitations on the consumption of uranium in 4 nuclear power system lead to 1ncreasmg by several t1mes
the absolute magnitude of the value of plutonium.

The analysis of the variation of the value of plutonium in a developing nuclear power system permits
one to draw the following conclusions:

when fast breeder reactors are present in the system during the calculational period, it is not, as a
rule, advisable to use plutonium in thermal reactors;

the value of plutonium, when evaluated for a closed cycle, can be used in the development of techni-
cal policy in the development of means of producing, reprocessing, and consuming plutonium;
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the increase of its value in the period preceding the wide introduction of fast breeder reactors shows
that it is feasible and permissible to have higher direct costs for the production and reprocessing of
plutonium during this period;

the high magnitude of the value of plutonium in a system with the two-component structure consisting
of thermal uranium reactors plus fast breeder reactors indicates that, especially in the case of the
“early introduction of fast reactors and of their significant contribution (a = aj), it is advisable to
increase the production of plutonium in thermal reactors during the period preceding the wide intro-
duction of fast reactors. Technically this problem can be solved by using gas-cooled uranium-graph-
ite reactors possessing a flexible fuel cycle. The use of dense metallic uranium fuel can also assist
in increasing the production of plutonium; ' : ‘ '

in connection with the dynamical character of the value of plutonium in a system with a two-component
structure, the problem of the variation throughout the prediction period, of the productivity of the
thermal reactors producing the plutonium has been correctly formulated. The optimal productivity

of such a reactor should be determined on the basis of the value of plutonium in the system.
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DISTORTION OF THE TEMPERATURE FIELD OF THE
ACTIVE ZONE (CORE) OF A FAST REACTOR WHEN
THE HEAT RELEASE‘ IN THE FUEL PACKS

IS DISRUPTED

Yu. K. Buksha, Yu. E. Bagdasarov, UDC 621.039.5.17.5
and I. A. Kuznetsov ‘ ’

Oue of the several possible emergency situations which may develop in a fast reactor is a "local"-
emergency associated with the departure of one or more of the fuel packs from normal operation. The
timely detection and removal of the causes of such an emergéncy is one of the chief problems in ensuring
the safety of fast reactors. In order to solve this problem it is essential to study the processes taking
place in the failed pack and establish the ways in which the emergency may possibly spread to the neigh-
boring-packs. In this paper we shall consider the change taking place in the temperature distribution of a
BN-600 reactor as a result of an increase-in the hydraulic impedance of individual fuel packs [1].

The flow of coolant through the pack may be reduced as a result of a number of causes: the clogging
of the through sections with impurities precipitating from the coolant, the swelhng of the fuel elements
during the burnup of the fuel, or the partial closing of the through sections by foreign objects which may
for some reason or other have fallen into the reactor. When the flow of coolant through individual packs is
reduced and the temperature in the packs is increased, some of the heat evolved in these packs is trans-
mitted to the neighboring packs by heat conduction. The temperature distribution in the failed packs is ac-
cordingly distorted relative to that expected under normal conditions. Under certain conditions the outlet
temperature of the coolant thus fails to characterize the thermalvstate of the pack [2]. The guestion as to
the most appropriate method of monitoring the operation of all the fuel packs in a fast reactor hasneveryet
been solved. Among possible methods we may mention the use of thermal probes (detectors).placed at the
outlet from the packs; the questidn as to the reliability of the information obtained from these thermo-
couples is of very great importance. :

Three factors interfere withthe reliable monitoring of the state of the pack by reference to the outlet
temperature: the fall in coolant temperature in the failed pack at the upper end screen (and in the case of
low powers in the upper section of the active zone as well), the large temperature difference across the
cross section of the pack due to heat conduction, and the mixing of the sodlum emergmg from the failed
pack with the colder sodium of the neighboring packs.

- Let us estimate the quasisteady-state temperature distribution of the coolant with respect to the
height and radius of the active zone (operating at various powers) in the case of a reduced flow through one
pack (or group of packs), allowing for the-transmission of heat to the nelghbormg, normally cooled packs.
In making this estimation we use the following model. We assume that heat transfer in the radial direction
occurs solely by virtue of heat conduction (the effect of the interchannel mixing of the coolant may be al-
lowed for by .increasing the effective thermal conductivity).

The reactor is homogenized with respect to heat evolution and thermal conductivity. The effective.
thermal conductivity is determined from the condition that the true temperature drop of the coolant with
respect to the radius of the failed.pack should equal the drop calculated from the effective thermal conduc-

tivity:

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 311-314, November, 1973. Original article
submitted March 21, 1972; revision submitted April 4, 1973.
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Fig. 1. Distribution of the sodium temperature T with respect to the height of the

~ failed pack for a nominal flow of sodium and a reactor power equal to 100 and 2%
of the nominal value (a and b, respectively):. 1) in the center; 2) average over the
cross section; 3) at the edge; 4) at a fair way from the failed pack in an unper-
turbed part of the active zone. - ' -

. R? ’
heff=—f————>
4 2_n!.£1_~ (1
. b
0 S A(r, ¢)do
0

where R is the radius of the pack. It follows from Eq. (1) that the effective thermal conductivity is the re-
sult of averaging the thermal conductivity with respect to angle and the thermal resistance with respect to
radius. ‘For the geometry and materials of the active zone in reactors of the BN-600 or BN-350 types

Eq. (1) may be simplified to a fair accuracy as follows: '

o= e | - (2

where Aj, &; are respectively the thermal conductivity and the Volumetrlc proportions of the components of

the active zone.

The degrees of heating of the coolant in'all packs of the reactor except the failed one are regarded as
equalized by virtue of throttling. This circumstance has little effect on the temperature distribution in the
failed pack, since its zone of influence is limited to a single row of packs only (this will be demonstrated
later). We neglect the nonuniformity of the heat evolution with respect to the radius of the reactor; this
neglect also has little effect on the results, as the diameter of the pack is small by comparison with the
reactor diameter.

After making these assurﬁptions, the temperature field of the moving coolant may be described by the

equation ’
1 8 _aT(r,2)

Aegt T 5 T (r 2 - gy (2) = veye —2—

ar (r z) ] . (3)
Here in the failed pack v ='v; and in the reactor v = vy, where vy, v, are the velocities of the coolant in the

failed pack and in the rest of the reactor, respectively; € is the volumetric proportion of the coolant.

In view of its relatively low value, we neglect heat transfer in'an ax1al direction by heat conduction.
The boundary conditions are

=0; : (4)

or ir=0
aT (r, 2) _9T(r, 2) . :
_-a_r_ lr—mi-0 = 0r  |r=Rito’ (5)
ar

T, z) IT—Ri o—T (r z) IT'—RH-O = _'}"efth (1" 2 r—Rit0 N (6)

aT (r, 2) A '
—19_7'—_ r=R2‘_‘ 0, (7)
T(r,0)= , (8)

Here Ry and R, are the equivalent radlus of the failed pack and the reactor, respectlvely, Rt is the thermal
resistance of the walls of the failed and neighboring packs.
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Fig. 2. Distribution of the sodium temperature T with respect to the radius
of the reactor r in the outlet section of the active zone for a nominal flow of
sodium and a reactor power.of 2%. The vertical axis gives the temperature,
counting from the temperature at the reactor outlet. : .

Fig. 3. Ratio M of the maximum deviation of the sodium temperature in the
failed pack from the mean temperature at the reactor outlet to the deviation
recorded by the sensor as a function of the reactor power n: 1) allowing for
mixing with the sodium of the neighboring packs; 2) without so allowing.

, In the upper and lower reflectors the heat evolution is distributed exponentially with respect to height,
and in the active zone of the reactor on a cosinusoidal law. The problem was solved by the network meth-
od, using a finite difference scheme of the second order of approximation.

Figures 1-3 present some characteristic results of the calculation for two working modes of the re-
actor: for a nominal flow of sodium through the reactor and for a nominal heating of the sodium in.the re-
actor, operating at various powers. The flow of coolant through the failed pack was chosen so that, in the
absence of heat transfer between the packs, a fairly high degree of heating occurred (up to the boiling
point). In this way allowance is made for the consequences of ‘any increase in the hydraulic impedance of
an individual pack in the reactor operating at various powers — for example, an increase up to a point at
which a dangerous temperature difference develops. Figures la and b show the distribution of the maxi-
mum sodium temperature in the- failed pack (on the axis) with respect to the height of the reactor (the hori-
zontal axis representing the distance from the entrance to the lower end screen), and also similar relation-
ships for the mixed mean sodium temperature measured over the cross section of the failed pack, the tem-
perature at the edge of the pack, and the sodium temperature in the rest of the reactor at a fair distance
from the failed pack, assuming a nomindl sodium flow and a reactor power of 100 and 2% of the nominal
value. It follows from the calculations that the maximum temperature distribution with respect to the
‘height of the failed pack is only of a monotonic nature at high power. At low power there is a fall in the
sodium temperature of the failed pack within the upper end screen, and under certain conditions in the up-
per part of-the active zone as well. The temperature drop is due to the fact that, in these regions, the
outflow of heat to neighboring packs exceeds the outflow of heat due to heat evolution in the fuel elements.
This effect appears most strongly for the nominal flow of coolant through the reactor. At nominal power
the sodium temperature on the axis of the pack reaches its maximum value at the outlet of the active zone;
in the upper end screen it is approximately constant with respect to height. The mixed mean temperature
in the end screen falls by 25°C owing to the increase in the temperature drop over the cross section of the
failed pack.

As the power is reduced, the maximum of the coolant temperature moves toward the center of the
active zone. Owing to the large temperature drop over the cross section of the pack the mixed mean tem-
perature of the sodium is much lower than the maximum temperature in this section.. Figure 2 shows the
distribution of sodium temperature over the radius of the reactor in the outlet section of the active zone
for a power of 2% nominal and a nominal flow of coolant through the reactor. The temperature is reckoned
from the temperature at the outlet from the reactor (vertical axis); the broken lines denote the boundaries
between the failed pack and the pack neighboring it. We see from Fig, 2 that the "zone of influence" of the
failed pack does not extend any further than one row of neighboring packs. ‘
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In the operating modes under consideration the difference between the maximum coolant temperature
in the pack and the mixed mean temperature in the outlet section equals 45-295°C in the power range 100-
2% nominal. For nominal heating these differences are much smaller; for the same powers they amount
to 45-150°C. ‘

The mixed mean temperature of the coolant in the failed pack can only be established if the tempera-
ture sensor is introduced directly into the pack; otherwise mixing with the colder sodium of the neighbor-
ing packs is inevitable. If the temperature sensor is brought close to the pack the effect of mixing with the
neighbor diminishes, but fails to vanish altogether. In any case mixing still occurs between the sodium of
the failed pack and the sodium emerging from the nearby "windows" of the six packs surrounding it. If
we accept that the flow of sodium is uniformly distributed between the outlet windows, we may consider that
a flow of "cold" sodium equal to the flow of one normally working pack is mixed with the sodium of the failed
pack. Since the zone of influence of the failed pack does not extend beyond one row of surrounding packs,
we obtain the following expression for the heating of the coolant in the failed pack, allowing for mixing at
the outlet: ' h

.

_ Mt 9
= —<ETer 9)

where n is the power of the pack, n is the fraction of the power of the failed pack lost -as a result of ther-
mal transfer to neighboring packs, C is the heat capacity (specific heat) of the coolant, Gy, G, is the flow
of coolant through the failed and normal packs, respectively.

Remembering that

‘ln,zn—CG,Bi,
we may rewrite Eq. (9) thus:
5 G 7
8= -=++6
0 8 TRl e (10)
— G\ . =
= G
n ( ~ )+ 2

where 6, is thé heating of the sodium in the failed pack, Onémis the heating of the sodium in the reactor for
a nominal flow and power, u is the power of the pack referred to the nominal, G, is the flow of coolant
through the failed pack, G, is the flow of coolant through the reactor, referred to the nominal value.

The temperature sensor situated at the outlet from the pack responds to a diminution in the sodium
flow through the pack and indicates a certain deviation of the temperature from the original value. It
should be noted that well inside the pack this deviation may be far greater. The ratio of the actual devia-
tion of the maximum sodium temperature in the failed pack from the initial sodium temperature at the out-
let from the pack to the deviation recorded by the sensor is indicated in Fig. 3 as a function of power, with
or without allowing for the mixing factor. Curve 1 is plotted on a logarithmic scale with due allowance for
the mixing of the sodium from the failed pack with the sodium of neighboring packs (with minimum dilution),
curve 2 without allowing for mixing. ' It follows from Fig. 3 that a sensor placed directly at the head of the
pack may give a fairly accurate result for a power of over 30% nominal.

In reactor working conditions with nominal heating the error in the readings of the temperature sen-
sors is not so great as in the case of nominal flow, but it is sufficient to produce a considerably distorted
picture of the true position within the failed pack.
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REACTOR CORE
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' NEUTRON CHARACTERISTICS OF THE VVR-M

V. M. Pasechnik, A. F. Rudik,
Yu. I. Krasik, S. S. Lomakin, .
V. I. Kulikov, A. V. Shelenin,

and G. G. Panfilov

UDC 621.039.519:621.039.55

For the choice, design, and correct utilization of an in-reactor monitoring system, it is necessary

to know the energy spectrum and the abso
the reactor.

lute and relative densities of the neutron flux at various points of

; The spectral parameters and the absolute density of the thermal neutron flux in the VVR-M reactor

core.

‘ were measured by means of activation detectors containing the !®Lu, ™ Eu, ®Cu, !*Au, and *®Co isotopes.
The found parameters of the thermal neutron field were used for calibrating the fission chambers by means
of which the relative density distribution of the neutron flux was measured at various points of the reactor

Leutecium and europium detectors were used in the form of aluminum alloys, where their percentage
by weight was equal to 15 and 0.8%, respectively. The copper; gold, and cobalt detectors consisted of foils
' with a thickness of 50, .3, and 10 4, respectively. The de-
tector diameter was equal to 3mm. The screening numbers
for resonance neutrons Gy and Westcott's parameter S, were

Vg

a7 i ) i ! { i 1. { { AN
0 100 200 300 40  H, mm

Fig. 1. Relative density distributions of
the thermal neutron flux along the height
of a dry experimental channel nv,, mea-
sured by means of copper foils (1), ther-
mal neutron fission chambers (2), and fast
neutron fission chambers (3). -

borrowed from {1].

The detectors were irradiated by means of thin-walled
nickel vials with a diameter of 5 mm, which were provided
with notches for sandwiching in the detectors. The activities
of the iutecium, copper, and europium detectors, measured
by means of a y-scintillation device with an integral dis-
criminator, were used for determining the spectral in-

dices IL

u Eu ' . . .
Cu and Icu and the cadmium ratio with respect to

copper Rpg. ) The index 1163’ which charaqterizes the hard-

ening of the neutron _spectrum,' is determinéd by the rela-

tionship - :

TABLE 1. Spectral Characteristics of the -

Neutron Field in Fuel Elements with Differ-

ent Degrees of Depletion

TABLE 2. Values of nvy in a Dry Experi-
mental Channel of the Reactor

: Deplet%on., fes : L 1, K] Reactor power level, DV X 10, neutron/cm?+sec
rel. units kW With respect to  (withrespect to
gold ) cobalt
1,0 7,15+0,14 | 0,96+0,01 345410
’ 500 3,620,418 | 8,37+0,17
900 7,10+0,36 6,84-+0,34

* "Fresh” fuel is denoted by 1.0; 0.5 denotes
50% -depletion with respect to %,

fuel with ‘

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 315-316, November, 1973. Original article
submitted October 23, 1972; revision submitted May 24, 1973.
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Lu__ {Astt Aslt
Iy= (m)x/(ASCU )0 2.

where the numerator and the denominator constitute the ratios
of saturation activities of lutecium and copper detectors, ‘
measured in the unknown and the calibration spectra [2]. The
value of Ig
tron temperature T, was determined from Westcott's rela-

tionships (3, 4] on the basis of data on the spectral index 1163
and the cadmium ratio. :

3 was determined in a similar manner. The neu-

Figures 1-4 show the data obtained in the dry experi-
mental channels and the fuel elements in the reactor core by
means of detectors and fission chambers. The sensitivity of
the thermal neutron fission chamber was 2- 10'1‘7 A/(neutron
/em? - sec). -

The distribution of the cadmium ratio with respect to
copper (see Fig. 2) shows that the relationship between
thermal and resonance neutrons along the channel is con-
stant in its middle section. The relative distribution of

Rcq along a fuel element is also constant, retaining its character even after considerable fuel deple-

Table 1 pro{rides the values of Ié‘g, RCd’ and Tn for the middle section of fuel elements with differ-
ent degrees of depletion. It is evident that the spectral characteristics, especially Ry, depend on the fuel

depletion.

“The absolute values of the thermal neutron flux were measured in the reactor channels by means of
gold and cobalt films. The relative density of the neutron flux was determinéd by means of the expression

_ KNs
"o = ZGn+rSG; ’

where K is a coefficient which characterizés the detector and the counter efficiency, and Ng is the specific

saturation activity (pulses/sec-g).

The density of a thermal neutron flux with the mean velocity ¥ is equal to nv = 1.128V (T /T avy((R-1)
/R, where R is the cadmium ratio for a 1/v-detector.

Table 2 provides the results obtained in measuring the absolute density of the neutron flux by means
of gold and cobalt films for different power levels of the reactor. '

nvp

07 | 1

1
] 50 100 130

Fig. 3

i |
200 R, mm "o 100 200 300 400 -

Fig. 4

Fig. 3. Relative density distributions of the thermal neutron flux along the height
of a fuel element nv,, measured by means of copper foils for depleted (1) and "fresh"

(2) fuel elements.

Fig. 4. Relative density distributions of the thermal neutron flux along the core
radius nv,, measured by means of a fission chamber for the old (1) and the new (2)

core.
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The errors in measuring the spectral indices and the cadmium ratio are not larger than 1 and 2%,
respectively. The error in determining T, comprises the errors in I%g, Regs the self-shielding factors
for thermal and resonance neutrons, and the characteristics of the calibration spectrum. The total error

in measuring the neutron temperafure amounts to approximately 3%. The error in determining the abso-
lute density of the thermal neutron flux is not larger than 5%. ' ’

Water circulation through the core was not interrupted during the measurements. The core tem-
perature was maintained at 20+ 1°C. The compoéition of the reactor core chosen on the basis of neutron
field measurements in the core yielded an increase of approximately 10% in the absolute neutron fluxes in
horizontal beams at the same power level (Fig. 4). The new arrangement consists of annular zones com- -
- posed of fuel elements with different degrees of depletion.
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STABILITY OF SYSTEMS FOR CONTROLLING POWER
DISTRIBUTION IN A NUCLEAR REACTQR

E. V. Filipchuk, P. T. Potapenko, ' UDC 621.039.515
and A. N. Kosilov

The rapid development of nuclear power engineering is making heavy demands on materials. Accord-
ingly, with a view to increasing the efficiency, the control systems of modern reactors have to meet much -
more exacting requirements than in the initial development stage.

There is a marked tendency at the present time towards constructing larger and more powerful re-
actors. These changes have necessitated a qualitatively new approach to the control of a reactor as an
object with distributed parameters (in particular, all modern reactors are provided with systems of in-
reactor control).

Hsu and Bailey [1] give a systematic review of many papers on the spatial dynamics of the neutron
field of a reactor. The present paper utilizes the so-called adiabatic model of a reactor in which the spa-
tial and temporal components of the neutron flux are assumed separable. This is, ‘of course, an approxi-
mation. It is permissible when discussing neutron field control, since control is a slow process compared
with the time required for the field to redistribute in response to a local change of reactivity, and also be-
cause the neutron field deviates only slightly from the steady-state distribution [2].

Conditions are obtained in {3) for the stability of the steady-state power distribution in a reactor in
which there is no control system. Engineering aspects of this problem are also con31dered in Hitchcock's
monograph [4].

The present paper describes an engineering method of analyzing the stability of an automatic system
for controlling the power distribution in a reactor. The mathematical model used in the analysis relates
to a reactor with a stable spatial power distribution in which the dynamics of the internal feedback loops
can be neglected. Thus, in comparison with the dynamics of power distribution control, the negative feed-
back loop due to the Doppler effect is assumed inertialness, and effects associated with xenon poisoning
are ignored as slow acting.

In order to stabilize and optimize the neutron field the active zone is spllt up into several regions
each of which contains a neutron sensor and a compensating rod of the control system. The power of each
region is stabilized by this rod, which will be referred to below as a local regulator. In operation all the
local regulators are coupled together through the reactor.

The automatic control of power distribution in a reactor thus means that we are dealing with a multi-
loop control system. The first problem to be solved in the design of such a system is that of control sta-
bility.

In contrast to [5] we shall analyze the system without artificial couplings between the local regulators.
The structure of the system is illustrated in Fig. 1, where the indices denote the numbers of the local reg-
ulators; Wp and W are the transfer functions of the sensor and the regulator. The power settings ng on the
local regulator meters are in accordance with the required form of power distribution calculated from an
appropriate optimality criterion.

The reactor transfer matrix H, interrrelating the neutron flux change 6n at the sensor positions
with changes in the multiplication coefficient in the cells 6k or with displacements of the rods, can be

Translated from Atomnaya Energiya, Vol 35, No. 5, pp. 317-321, Novernber 1973. Original article
submitted November 13, 1972.
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W, 2 - represetted in the following form in the adiabatic model
’ 7oz
=W, &
reactor . L where A is a numerical matrix found from static calcula-

tions or from experiment; "W, is the transfer function of a
"point" reactor. Thus,

on = HGOk,

=
)
3
&
H
3
[ —

and for the steady state

on = Abk.

For a reactor with a negative power reactivity the '
matrix A is determined by experimentally measuring the
flux increments w1th all the sensors in response to displacements of the auxiliary rods of the local regu-
lators. In the present treatment of the problem the amplification coefflclent for transfer function W must,
clearly, be taken equal to unity. * :

Fig. 1. Block diagram of ¢ontrol system.

Using (1) the matrix equation of the system shown in Fig. 1 can be written in the form
[E + W,DW A) 5 = W,DW Abn,. ' ' ’ (2
Here D and W are diagonal matrices constructed from the transfer functions of the sensors and the local
regulators; E is the unit matrix; én, and én are vectors denoting the changes in the setting and in the
neutron flux. ' ,
We introduce new coordinates related to the old by a nondegenerate transformation matrix C:
, dng=CNy; OSn=CN.
In the new system of coordinates Eq (2) cdn be written .
CLIE+ WoDW A CN = C*W,DW ACN,. : @)

The transfer functions of the sensors and the local regulators are naturally taken to be the same,’
when the matrices W and D will be scalars. Allowing for this, Eq. (3) transforms in the following manner:

B [E+WDWC1LACIN = WODWC"lACNo.v ) (4)
If the canonical basis of matrix A is taken as the matrix C, then, as is well known, '
ClAC=A

gives in place of matrix A its canomcal ultimately simple form A. Dependmg on the elgenvalue spectrum
of matrix A there are five ways of going from the initial system to the equivalent [6].

Let us consider in more detail the case when the control system maintains an equalized power dis«
tribution, i.e., the neutron flux is the same at all sensor positions. Utilizing the properties of the divgrad
operator, which describes neutron-diffusion [7], it is readily shown that the’ matrix A is symmetric.

The matrix A for a symmetric A 1s diagonal, the elements of its main diagonal being the (redl) eigen-
values A; of matrix A. It follows from (4) that the multidimensional control system decomposes into m
(the mumber of local regulators) one-dimensional systems which differ from each other only in the sections
with amplification coefficients Aj, Ag,..., Apmy-

In accordance with (2) the stability of the initial system is determined by the characteristic equation

det [E+ W, DWA] = (5

Since the transition from the 1mt1a1 system to the equlvalent system is effected by a similitude trans-
formation, the roots of their characteristic equations coincide:

det[E+WoDWA] n [+ W,DWh;] =0. : - (8

In this manner, the characteristic equation of the equlvalent system has decomposed into m charac-
teristic equations of equivalent separate systems

14+W,DWh; =0, i=1,2,3,...m. (7

Thus, a necessary and sufficient condition for the stability of the system is that each of the m separate
systems be stable. :

If all Aj are real and positive, as in the present case, the discussion may be restricted to the stabil-
ity of the separate system with 7‘1max
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Fig. 2. Threshold amplification coefficient K of local regulators with trans-
fer function W; vs number of regulators m and distance between them h.
) theory; — — — —) analog simulation.

Fig. 3. Threshold amplification coefficient K of local regulators with trans-
fer function W, vs number of regulators m and distance between them h.

We cite the numerical results of a study which we made on the stability of control for a specific re-
actor with parameters: diameter of active zone 52 (all linear dimensions will be expressed in neutron
migration lengthS) diameter of equalized zone (the control zone) 32. Control is effected at a nominal
power at which the power react1v1ty amounts to 1 cent at a 1% power deviation.

Figure 2 shows plots of K, the threshold amplification coefficieunt of the local regulators correspond—
ing to_the stability boundary, vs: (1) the number m of local regulators for a fixed pitch h between them,
and (2) the pitch h for a fixed m. These results are obtained-for slow-acting local regulators, the transfer
function of which in conjunction with the sensor is '

W,=

kew | (®
SO0 (10s 1 1) (255 +1) .

In all cases the local regulators are located in the central part of the active zone at equal dlstances from
each other.

Tigure 3 shows analogous results for high-speed regulators with a transfer function

v K. (9
W, 27 5 s+1) (0.2s+ 1)

The digital-computer calculation of the eigenvalues and the analog simulation were performed on the
basis of the one-group diffusion model of the. actlve zone.

- A system for controlling integral reactor power is sub]ect to much more strmgent demands than a
system for controlling power distribution. In particular, the former system must be more reliable and it
must be much more fast acting (by an order).

Although a system fgr ccontrolling power distribution fulfills at the same time the function of an inte-
gral-power controller, it usually cannot satisfy these stringent demands. Accordingly, for the practical
realization of a multlloop control system an additional special mrcult for integral power control must be
provided.

" Let us find the numerical reactor matrix .# allowing for the operation of an astatic (floating) integral-
power controller. In this case, as before,

n = Ak ' (10)
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TABLE 1. Elementsof Matrix A with Inte- . TABLE 2, Elements of Matrix « with Inte—
gral-power Controller off gral-power Controller on
17,8592 3,3240 4,3679 | 3,0842 | 1,6792 14,8024 —0,0965 0,9207 | —0,1810 | —1,7668
3,3286 18,5283 | 4,6221 | 41,7175 | 3,4749 ©0,4317 | 14,6563 | 0,7196 | —1,9562 | —0,4262
3,3869 4,6245 | 18,0879 | 4,5110 | 4,6414 1,6665 | 1,5805 | 14,9701 | 1,6229] 1,5746
3,0853 1,7206 4,5130 | 18,3143 | 3,4248 —0,1859 —1,9397 ‘10,8238 | 14,8412 —0.2631
1,6861 3,4757 | 4,6414 | 3,4240 | 18,5465 1,8033 | —0,4288 | 0,7061 | —0,2806| 14,6125
Eigenvalues of maxtrix A : . Eigenvvalues of matrix A
L or ‘ :
Sn= A (0k -+ Aky), (11

where Ak, is the action vector of the integral-power controller.

Suppose an external perturbation 6k is introduced only in
the i-th cell. The rods of the integral-power controller compen-
sating this local perturbation move synchronously in cells 1, m,

_ +++» p- The condition for floating control can then be written in
the form: :

m m . _ '
Sk, Zian%—AkoE 2ajq=0;q=1l,m,...p. (12)
i= q j={ -

Here ajj are the elements of matrix A. -

‘We thus have

i Akg= — 1.8k, (13)
", “where s
Fig. 4. Threshold amplificationco- : S 2 i . _
efficient K of local regulators vs fi= ’=1m ~; g=l,m,...p. (14) -
number of regulators m and distance D) g
betweenthem h in the presence of an - - ¢ =
integral-power controller. - Inserting these relationships into (11) gives

6n1=6k1A[et_fz ZEq]; q=—lv My o Py
q

v

where e, is a unit vector with a single nonzero p-th _co‘mponent.

The product Afej—fj > qu] is evidently\ the i—th‘colur‘nn of matrix A4, and the elements of matrices A4
q

and A are interrelated by:
aii':aii_fi;ajq; q=zvm1 "'p‘ (15)
Expressions (14) and (16) are the starting point for the construction of a machine algorithm for the calcula-
tion of matrix #. The matrix - can also be found, of course, by means of direct experlments on the re-
actor.

As mentioned above, integral-power control must be effected ina time much shorter than for power-
distribution control. The matrix .4 may then be regarded as the transfer matrix of the reactor.

The stability may now be analyzed by the method described above on setting WO =1 and calculating -
the eigenvalues of . instead of A.

Figure 4 shows plots of the threshold amplifiéation coeffieient K for the same conditions as in Fig. 2
but with a high-speed integral-power controller present.

i

The influence of the 1ntegral—power controller on the statlc reactor matrix, on the eigenvalue spec-
trum, and on the stability is illustrated for example by the results of calculating the elements of the nu-
merical matrices for m = 5and h = 8 (Tables 1 and 2).
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The mtegral power controller significantly changes the reactor transfer matrlx, for stability it is-
important that there should be an accompanying sharp reduction in the eigenvalues. A comparison of Figs.
2 and 4 shows that the integral-power controller has an even sharper influence on the stability as a result
of the improved dynamic characteristics of the reactor. The above method can also be used in the case of
an arbitrary (and, in particular, -a nonuniform) distribution of sensors and control rods in the active zone.

In summary, a method has been described for analyzing the stability of a system for controlling the
power dlstrlbutlon in the active zone of a reactor and the method has been extended to the case when the
integral power of the regulator is stabilized by a-special high-speed controller. The threshold amplifi-
cation coefficient of the local regulators decreases as their number is increased. The pitch h between the
regulators has a smaller effect on the stability than their number. m. The high-speed intégral-power con-
troller exerts a strong stabilizing effect on the power-distribution control system.
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BOOK REVIEWS ' '

M. Ribaric ,
FUNCTIONAL—ANALYTIC CONCEPTS AND STRUCTURE’S
OF NEUTR_ON TRANSPORT THEORY

lVOLUMES I AND II, LJUBLJANA [YUGOSLAVIA], 1973 [IN ENGLISH]

Reviewed by V. P. Kovtunenko.

This monograph makes available results of many years of work by the author on applications of the
arsenal of functional analysis to several problems in neutron transport theory. He develops a theory on
how to determine the neutron physics properties of a medium consisting of discrete parts whose properties
are known. The albedo approach lies at the basis of the theory.

The first volume is in 23 chapters grouped under five sections.. The basic mathematical definitions
are presented in the second volume. The first section (chapters 2-4) discuss passage of neutrons through
the interface presented by a unit isolated body. Basic definitions and assumptions are put forth, the re-
flecting propertles of the medium within a restricted span of time are estimated, continuity and invariance
principles are established, and laws are established for the arbitrary retention of the albedo operator.

‘The fourth chapter (in this section) discusses changes in the reflecting propertles exhibited by the medium
over an infinite time interval. The asymptotic response of the medium to a burst of bombarding neutrons
is assumed. Relationships are established between physical concepts such as albedo in the stationary state,
the average state over an infinite time interval, transmission, momentum reaction, etc.

The second section (chapters 5-9) takes up reflecting properties of a medium consisting of several
parts. The state of the medium over a restricted time span is investigated; the nature of the composite
medium is defined and the basic equation describing the state of the medium is derived. The state of a
compound medium consisting of subcritical parts is treated for an infinite time interval. The seventh
chapter introduces concepts determining the processes that take place in the composite medium (mean
neutron distribution after an infinite number of reflections, mean number of reflections, mean time and
velocity of reflection, etc.). The asymptotic properties of a medium consisting of suberitical uniformly
bound particles of constant albedo over an infinitely long time interval, and the properties of a medium in
a close-to-critical state are discussed in the last chapters of this section.

Measurements, experimental distribution of neutron distributions and of the reflecting characteris-
tics of the medium, are the subject matter of the third section of the monograph (comprising chapters 10-
15). The concept of linear measurement is introduced, its relationship to the concept of a linear func-
tional is established, a definition is given of adjoint operator and adjoint equation. Measurements in the
stationary state and in the dynamic state are discussed, as well as inaccuracies in measurements. A
mathematical interpretation is presented for experimentally measured variables, which are determined
when neutrons traverse surfaces of the particles comprising the medium. This section concludes with a
discussion of indirect experimental determination of the reflecting properties of the composite medium on
the basis of experimental data on the reflecting properties of the medium's constituent parts in the sta-
tionary state and in the nonstationary state.

The fourth section (chapters 16-18) discusses how the properties of the composite medium are defined
and determined in terms of the properties of the constituent parts, through the use of the albedo equations.
The existence of finite-dimensional approximations of the linear theory of interacting systems is demon-
strated. Problems associated with calculations of the subcritical state over a finite time interval are stud-
ied. The last chapter deals with calculations leading to approximate solutions of the eigenvalue problem.

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 321—322,. October, 1973.

© 1974 Consultents Bureau, a division of Plenum Publishing Corporat;on, 227 West 17th Street New York, N. Y. 10011,
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, microfilming, recordmg or otherwise, without written permission of the publisher. A
‘copy of this article is available from the publisher for $15.00.
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The fifth section of the monograph (chapters 19-23) deals with several special topics relating to the
content of the first two parts. Here we find defined the reflecting properties of the composite medium in
its discrete parts in the transport approximation, states of the medium, and so on. The case where the
reflecting properties of the medium and the reflecting properties of the constituent parts of the medium
are nonlinear in nature are discussed in this part of the monograph. The concluding chapters establish
the relationship between the proposed theory and field theory, and discuss the role played by mathematical
analogs in the natural sciences.

It is demonstrated, in the monograph, that some concepts in reactor theory lend themselves well to
description in function-analytical terms. -Establishment of simple physical interpretations of the basic
concepts of functional analysis, as done here, is also of interest. The role played by physxcal assump—
tions in- determmmg the mathematical model to use is also demonstrated.-

In v1ew of the specificity of the treatment the book cannot be approached as a textbook or handbook
for the study of reactor theory. However, it may be found useful by physicists, who will find in it mathe-
_ matical definitions of some concepts in reactor theory, and also by mathematicians, who will discover in
* the text physical interpretations of some traditional mathematical concepts in functional analysis.
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NEW BOOKS PUBLISHED BY ATOMIZDAT
III QUARTER 1973

E: Curie. Mariya Kyuri {Marié Curie} [translated into Russian from French], 3rd Edition, Atomiz-
dat, Moscow, 1973. . . :

No woman séientist has eyer enjoyed a popularity equal to that of Marie Curie. She was awarded
ten prizes and sixteen medals. M. Curie was elected honorary member of a hundred and six scientific
institutions, academies, and scientific societies. Specifically, she was an honorary member of the
Society of Enthusiasts of Natural Science, [Physical] Anthropology, and Ethnography in Moscow, starting
1912 2 member of the Institute of Experimental Medicine in Petersburg, Petrograd, starting 1914 an
honorary member of the scientific institute in Moscow, and starting 1926 an honorary member of the USSR
Academy of Sciences.

Marie Curie's biography was written by her younger daughter Eva, journalist by profession. The
book was published in French in 1937 and has been through over a hundred editions in France. Moreover,
the book has been translated into twenty-five languages and sometimes has come out in ten to twelve edi- -
tions in the translation languages. The book has already appeared twice in print in the Russ1an language
prior to this edition (1967 and 1968).

ERE R

V. P. Krainov. Lectures on the Microscopic Theory of the Atomic Nucleus [in Russian], Moscow,
1973. '

The book outlines the simplest theoretical concepts on the structure of the atomic nucleus. Attention
is focused on a popular description of microscopic methods widely used in the scientific literature on the
physics of the nucleus. The ground states and low-lying excited states of nuclei get the center of attention
. in this treatment. Methods for analyzing nuclear reactions are discussed as helpful tools in the investiga-
tion of the structure of the nucleus.

The book can be recommended as an introductory textbook for upper classes at college level and
graduate students $pecializing in theoretical and experimental nuclear physies. It will also be useful to
instructors in colleges teaching courses on theoretical physics and on the physics of the nucleus.

* k%

L. A. Matalin; V. S. Nesterenko, V. N. Smirnov, et al. Electronic Techﬁiques in Nuclear Physics
[in Russian], Atomizdat, Moscow, 1973.

This book deals with applicatiors of up-to-date techniques in electronics and computer practice in
experimental nuclear physics. Attention is centered on the design principles of electronic physics experi-
mental equipment, and on the use of digital computers in physics experiments.

An attempt is made to throw light on the problem of acquisition, collectlon, and processmg of data
in physical experiments, from the information-processing point of view.

The book is intended for a broad range of specialists concerned with research in the fields of nuclear
physics, biology, medicine, and in other related areas. The book may.also prove useful to senior college
undergraduates in the appropriate majors.

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 322, 325-6, and 331-3, November, 1973.

© 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011.
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means,
_electromc mechanical, photocopying, microfilming, recording or ot/Leerse without written permission of the publisher. A
copy of this article-is available from the publisher for $13 00.
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T. A. Germogenova, V. P. Mashkovich, V. G. Zolotukhin, and A.- P. Suvorov. .Neutron Albedo [in
Russian], Atomizdat, Moscow, 1973. J

This book is the first monograph on backscattering (albedo) of neutrons of various energies from real
‘media (concrete, iron—water baffles, etc.). Available information and data obtained by the book's authors
on the differential and integrated characteristics of neutron albedo are reviewed and analyzed, and methods
used in the study of those data are discussed.

The bulk of the computer-output information obtained by the authors on the differential characteristics
of the albedo of unidirectional monoenergetic sources (in the realm of isotope sources and reactor sources)
is published here for the first time. :

The book is intended for engineers, graduate students, undergraduates, and all scientific research
workers and technicians specializing in the field of protection against ionizing radiations, or in related
fields concerned with the use of radioactive sources in the various branches of science, engmeermg, and
the national economy.

* ok ok

Topics in Plasma Theory. Collection,df Articles, No. 7 [in Russiah], Academician M. A. Leonto-
vich (editor), Atomizdat, Moscow, 1973.

This is the seventh publication in a series of compendia of articles on advances in plasma theory,
offering a unified presentation of the theory of propagation and interaction of oscillations of a continuous
medium; such effects as transformation of waves in a nonhomogeneous medium, . nonlinear restriction of
kinetic plasma instabilities leading to the appearance of anomalous resistivity and turbulent diffusion of
plasma, are discussed; the neoclassical theory of transport processes in toroidal systems is'reviewed;
cyclotron radiation by plasma is also discussed.

"The book is written for research scientists, engineering physicists, graduate and undergraduate
" students, not only those spe01ahz1ng in plasma physics, but also those specializing in geophysics and astro- -
physics.

*  x *

U. Ascoli-Bartoli, M. Baggiani, F. de Marco, L. A. Dushin, et al. Probing an Inhomogeneous
Plasma with Electromagnetic Waves {translated into Russian from Italian], Atomizdat, Mosecow, 1973.

This book comprises a survey of current methods used in research on plasma by probing the plasma
with electromagnetic waves in the optical and microwave ranges of the spectrum. The authors describe
techniques for determining the density, temperature, and degree of turbulence of plasma, i.e. , the most
important characteristics of plasma. The treatment of the optical and microwave techniques from a uni-
fied point of view is quite original. The text also contains a completely novel and hitherto unpublished
body of material on applications of holographic and correlation techniques in investigations of a turbulent
plasma.

This book will be useful to experimental physicists and engineers and technicians engaged in investi-
gations of plasma.

* %k %

Lasers and the Thermonuclear Problem. Collection of Translated Articles{in Russian], Academi-
cian B. B. Kadomtsev (editor), Atomizdat, Moscow, 1973.

Recently great attention has been paid to the use of lasers in creating and heating plasma, specific
arrangements have been developed for setting up thermonuclear experiments involving the use of lasers,
and problems relating to the interaction of extremely powerful laser radiation with matter are being con-
sidered. '

The papers presented in this collection reflect the present state of research in this rapidly-develop-
"ing field and will undoubtedly prove interesting to a wide circle of specialists concerned with the making
and applications of lasers, plasma diagnostics, and the interaction of radiation with matter. The collec-
tion will also interest specialists in the field of plasma physics studying the retention of plasma in mag-
netic traps of various types.
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’

L. A. Dushin. UHF Interferometers for Measuring Plasma Dens1ty in a Pulsed Gas Discharge [in
Russian], Atomizdat, Moscow 1973.

This is the first book which has dealt with problems relating to the working characteristics and ap-
plications of the uhf interferometer as a special instrument for studying the plasma of a pulse discharge.
‘The author describes the operating principles, constructional aspects, and classification of various types
of fast-acting interferometers, and analyzes possible measuring errors. Since interferometers incor-
porating lasers and photoelectric bias for recording the phase shifts differ in no way from uhf interferom-
eters as regards operating principles, the author also describes somé laser interferometers for studying -
pulse-type plasma, and dlscusses problems associated with special aspects of their use and prospectlve
development.

The book is intended for experimental physicists and workers in technical engineering concerned with
the study of plasma, and is useful to studeats and graduates specializing in this field.

* k%

G. A. Kasabov and-V. V. Eliseev. Spectroscopic Tables for Low-Temperature Plasma, Handbook
{in Russian], Atomizdat, Moscow, 1973. '

These tables contain the most reliable data relatmg to oscﬂlator strengths and Stark broadening
parameters for a large number of spectral lines of mneteen elements widely employed in apparatus and
1nstrument 1nvolv1ng low—temperature plasma

The handbook is useful to research workers concerned with methods of direct energy coaversion,
high-temperature hydrodynamics, the physics of shock waves, gas lasers, and gas- dlscharge light
sources. . . .

* ¥k

" P. Cohen. Water Technology of Power Reactors [translated into Russian from English], Atomizdat,
Moscow, 1973. " ‘ '

This book sets out the present state of a number of questions relating to the use of ordinary and-
heavy water as a coolant, moderator, and biological shield in nuclear power reactors. Methods of chemi-
cally regulating reactors, borou regulation in particular, are considered. Methods of purifying the coolant
and removing radioactive waste are set out, the behavior of solid impurities and gases in the reactor cir-
cuit is considered, and so on. Considerable attention is paid to practical problems: the purification of the
water at high temperatures,’ 1on—exchange materials, pur1f1cat1on by evaporation, in mixed ion-exchange
resms and S0 forth -

The book is mtended for engineers and scientific Workers designing and using nuclear power mstalla—
tions, and also for students and graduates of the higher educatmnal establishments' studying the correspond-
ing fields. : :

* ¥ %

G. V. Tsiklauri, L. L Selezne;f, and V. S. Danilin. Adiabatic Two-Phase Flows [in Rﬁssian],
Atomizdat, Moscow, 1973.

This monograph is devoted to problems of high- velocity two-phase flows. Detailed attention is given
to the hydrodynamics of two-phase flows of different structures (drop, bubble, foam), questions, of their
stability, processes of' mechanical interaction, and heat and mass transfer. The results of various experi-
mental and theoretical investigations into the adiabatic flows of two-phase media in nozzles, tubes, and jet
systems are presented for a wide range of concentrations of the liquid phase (right up to unity), including
the outflow of saturated and underheated liquids. Data are presented in relation to the flow and energy
characteristics of nozzles and jet systems, the critical conditions of two-phase flows are analyzed, and
methods are given for calculating the corresponding two-phase flows; some problems relating to the two-
phase boundary layer and the separation and flow of films are also considered.

"The book is intended for a wide circle of engineers and scientific workers concerned with the study
of two-phase flows, and the design of new types of stationary and portable power mstallatwns, it may also
be useful for students of the senior courses in power and polytechmc higher educational establishments.

* ok k
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A. L. Yakubovich, E. I. Zaitsev, and S. M, Przhiyalgovskii. Nuclear-Physical Methods of
Analyzing Minerals [in Russian], 2nd Edition, Atomizdat, Moscow, 1973. ‘

The authors of this book set out the physical foundations of nuclear-physical methods of analysis and’
the principles underlying the construction of the analytical apparatus; they consider the prospects and
characteristics of laboratory methods of elementary analysis for rocks, ores, and processing products.

In the second editi’on (the first was published in 1969) more detailed attention is given to the prospects of
using semiconductor detectors of ionizing radiations in apparatus for nuclear-physical analysis, and also
instrumental activation analysis. New data are presented as regards the use of the method of time selec-
tion between different radiations in radiometry, as well as additional information on the x-ray radiometric
method of analyzing light rock-forming elements. '

The book is intended for workers in the analytical service of industrial, scientific-research, and
teaching establishments of the geological, mineral—chemical, metallurgical, and mixed persuasions.

* k%

Production of Coatings by High-Temperature Spraying (Sputtering) [translated into Russian from
English], L. K. Druzhinina (editor}, Atomizdat, Moscow, 1973.

This book contains papers from the Sixth International Conference on Metallization by Spraying (Sput-
tering) which took place in 1970 in Paris; it contains data relating to various methods of depositing coat-
ings, using an electric arc, -an oxyacetylene flame, and plasma, and to the manufacture of the equipment
required for these purposes. Information is presented as to the industrial use of coatings, together with
experimental investigations into the properties of coatings produced from metallic and ceramic materials
in relation to the conditions of formation, the composition of the gas atmosphere, the composition of the
materials deposited, and other factors. Questions as to the physicochemical interaction of the coating
with the substrate, leading to firm adhesion, are also considered. Attention is given to monitoring the
quality of coatings. '

The book is intended for technical engineering workers, graduates, and students specializing in
atomic, aviation, metallurgical, engineering, and other branches of technology.

b I S

V. I. Korobkov and V. B. Luk'yanov. Methods of Preparing Specimens and Analyzing the Results
of Radioactivity Measurements [in Russian], Atomizdat, Moscow, 1973.

In solving many scientific and technical problems associated with the use of radioactive isotopes in
the popular economy it is essential to measure the radioactivity of specimens prepared under laboratory
conditions.

This book systematizes the most important methodical developments in specimen preparation for
relative and absolute radioactivity measurements. Attention is paid to the preparation of thin substrates
for specimens, particularly thin organic films. )

Mathematical statistical methods are given for analyzing the results of radioactivity measurements. -

The book constitutes a methodical convenience in the everyday work of students and scientific work-
ers employing radioactive isotopes in their pursuits.

* ok ok

A. D. Levkovich, A. M. Lyutsko, and A. N. Pertsev. Isotopic Biointroscopy [in Russian}, A. N.
Pisarevskii (editor), Atomizdat, Moscow, 1973.

Isotopic introscopy is a promising method of studying processes taking place in optically opague
media. This method is of particular significance in medico-biological research. This book sets. out
problems encountered in the detection, transmission, recording, contrasting, and interpretation of intro-
scopic information. A high proportion of the material is based on investigations carried out by the authors.
Using the theoretical models proposed, the present state of the method, the possibilities of improving it,
and the prospects of further development are all analyzed.

The book is intended for specialists of the physical, physicotechnical, and medico-biological fields
concerned with the applications of isotopic introscopy in various fields of science and popular economy,
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“particularly in relation to isotopic diagnostics; it may also serve as a guide to the method of isotopic

introscopy for the students of higher educational establishments in the corresponding fields of work.

* ¥ ok

Radiation Protection Manual for Engineers [translated into Russian from English], D. L. Broder
et al. (editors), ‘Atomizdat, Moscow, 1973.

This handbook, published under IAEA sponsorship, is in two volumes. The first volume discussed
the most widely applied modern methods for calculating protection and shielding against neutron radiation
and y-radiation, while the second volume deals with forecasting of shielding and protection against radia-
tions emitted by extended sources of different geometric configuration, methods for calculating radiation
energy power distribution, temperature fields in shielding and thermal stresses, passage of radiation
through channels, voids, slits, and other inhomogeneities in shielding. There are abundant tabular and
graphical data needed in shielding calculations.

The handbook is intended for specialists in the physics of protection and shielding against ionizing-
radiations, in radiation safety, and can also be found useful by research sc1ent1sts working with ionizing-
radiations.

* * *
N. S. Shi.rnanskaye. Calorimetry of Ionizing Radiations [in Rnssian], Atomizdat, Moscow, 1973.

The book is devoted to calorimetric methods for investigating and measuring the ionizing radiations
emitted by radioactive isotopes,’ nuclear reactors, betatrons, cyclotrons, and other nuclear facilities.
Applications of calorimetric measurements in work on radiation chemistry, radiation materials science,
radiation physics and nuclear physics, are discussed. A wealth of material accumulated to date on the
calorimetry of ionizing radiations is reviewed. '

The book is written for engineers and physicists concerned with radiometry and dosimetry of ioniz-
ing radlatlons and also for senior undergraduate students and graduate students concentrating in those
fields.

* ok ¥

"A. K. Sudakov. Protection of the Populati‘on against Radioactive Fallout [in Russian], 2nd Edition,
Atomizdat, Moscow, 1973. i

This brochure discloses the reasons for the appearance of radioactive contamination on the scene,
and the nature of radioactive contamination, and its effects on humanity; it describes the characteristics
of dosimetric instruments employed to ascertain the presence of radioactive contamination and the results
“of its action on people, on industry and equipment, on property, on foodstuffs, and on water supplies; it
discusses individual and collective means of protection and shielding, measures to be taken to protect the
population against exposure to radioactive materials, conditions governing survival of a populationata
contaminated locality, the effect of radioactive contammatlon on the progress of recovery operatlons at
foci of nuclear radiation injury. :

The brochure is written for a broad range of readers and for people interested in civil defense
topics, as well as for persons studying dosimetric instruments and personnel protection equipment in
study circles, in eivil defense courses, and at educational institutions..

* %k X

V. I. Ivanov and V. P. Mashkovich. Collection of Problems on Dosimetry and Protection against
Ionizing Radiations (Textbook aid for colleges) fin Russian], 2nd Edition, Atomizdat, Moscow, 1973.

This book is a second (revised and enlarged) edition of a textbook which first appeared in 1964 as an
aid in seminar and practical instruction within the scope of a course in dosimetry and protection against
ionizing radiations. :

[

The problem book contains about five hundred problems. Each section begins with a list of basic
formulas needed in solving the problems, and ends with more complex problems which can be used either
as homework or to check the student's progress. Answers to problems are included at the end of the book;
worked-out solutions are given for the most typical problems. '
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This is a textbook aid for students specializing in dosimetry and protection against radiations. It
can also be recommmended for students in allied fields, and for engineers and research workers concerned
with the use of radioactive isotopes.

* *  *k

V. E. Levin and L. P. Kham'yanov. Recording Ionizing Radiations (Textbook for technical schools)
[in Russian], 2nd Edition, Atomizdat, Moscow, 1973.

The first edition of this textbook, which appeared (1969) under the title Measurements of Nuclear
Radiations, was well received by readers. The textbook has been in demand not only on the part of stu-
dents at technical colleges, but also on the part of workers concerned with measurements of nuclear ra-
diations. Methods for recording nuclear radiations are detailed in the text. Physical processes at work
in radiation detectors are described, the electrical circuitry of detectors is presented, and coverage is

~ given to techniques of spectrometry and mathematical processing of results. Coverage of new achieve-

ments in the field of recording nuclear radiations marks an addition to what was contained in the first edi-
tion. :

The textbook is basically intended for students at technical colleges, but also for dosimetric tech-
nicians, laboratory technicians in physics laboratories, isotope laboratories, x-ray laboratories, non-
destructive testing and quality control laboratories, and also for technicians and research people handling
nuclear physics equipment, isotope equipment, and other similar equipment.

*  k  k

Effects of Ionizing Radiations on Cellular Membranes [in Russian], A. M. Kuzih, T. E. Pavlovskaya,
and M. S. Volkovaya (editors), Atomizdat, Moscow, 1973,

The effect of radiations on biological membranes is one of the most urgent problems on the agenda
of modern radiobiology. The book presents results of experimental research in radiation membranology.
The effects of ionizing radiations on the physicochemical properties of artificially fashioned biopolymeric
and cellular membranes are discussed. Failures of permeability of surface membranes in cells and of
membranes of intracellular organells (mitochondria, nucleus) are described. Data on the effects of radia-
tion on the functional activity of membranes, associated with localization of enzymes, ion transport, and
so forth, are presented. Ultrastructural changes in membranes of irradiated nerve cells are discussed.

* Xk %k

Yu. I. Moskalev, I. K. Dibobes, V. F. Zhuravlev, V. G. Ryadov, A. A. Moiseev, and A. V. Ter-
man. Concept of Biological Risk in Effects of Ionizing Radiations [in Russian]. Atomizdat, Moscow, 1973.

This book is the first Soviet publication to review currently accepted concepts on the biological ef-
fects of radiation on the population over a broad range of dosages, as may occur under extreme conditions.
The authors review a variety of data and cite comparative characteristics of the degree of risk due to
either radiation effects at different doses or to nonradiation factors, including the use of transportation,
ete.

The manuscript on which the text is based was approved by the Natlonal Radlatlon Protect1on Com-
mission under the aegis of the Ministry of Public Health of the USSR.

The book is of unquestioned interest to a broad range of specialists whose work deals with utilization
of radioactive 1sotopes
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ARTICLES

THERMAL OPENING OF OXIDE FUEL ELEMENTS WITH
ZIRCONIUM CANS

A. T. Ageenkov, S. E. Bibikov, . ' ' UDC 621.039.54
E. M. Valuev, G. P. Novoselov, '
and V. F. Savel'ev

. In the rod-type fuel elements of power reactors the oxide nuclear fuel is enclosed in stainless steel
or zirconium cans [1]. The opening of worked-out fuel elements and the separation of the fuel core from
the constructional material of the can before regeneration of the nuclear fuel is an important technical
problem. The extension of the thermal fusion of steel cans [2] to fuel elements with a zirconium can is
more desirable from the point of view of the universality of the technological process. Tests [3] have
shown that it is in principle quite feasible to melt the structural zirconium in the presence of the additive
metal without any serious interaction taking place between the melt and the uranium dioxide. This justifies

- Fig. 1. Arrangement of the
apparatus: 1) body of cham-
ber;  2) inspection windows;
3) preliminary chamber; 4)
UO, blocks; 5) inductor; 86)
melting crucible; 7) insula- .
tion; 8) receiver for the UO,
blocks; 9) mold; 10) tilting
device.

TABLE 1. Thermal Opening of Fuel Elements

)| Conditions of c ition of brod 7'
i 0
| opening omposition of products, wt,
Material, E :
of - time of fuel blocks - alloy casting
additive ;tempef- contact of
fature, "Clfuelwith | UO, Zr Fe Cu Zr Fe Cu 8] C
melt,min _
Fe 1050 20 95,3 4,2 0,5 — 84,8 15,0 — 0,09 0,08
The same! 1150 ° 15 93,9 5,5 0,6 — 87,0 12,8 — 0,10 0,10
" " 1200 15, 94,8 4,7 0,5 — 87,8 12,0 — 0,10 0,09
n " 1270 15 97,7 2,1 0,2 — 87,2 12,6 — 0,10 0,04
" =1l 1320, 20 92,3 7,0 0,7 — 79,8 20,0 — 0,10 0,10
" " 1400 30 93,3 6,1 0,6 — 78,8 20,5 — 0,51 0,09
Lu 1150 15 96,5 3,1 ~ 0,4 77,5 0,5 21,7 0,22 6,08
The same, 1200 15 95,1 4,2 — 0,7 78,8 0,2 20,7 0,23 0,07 .
L2 " 1260 15 94,4 5,1 — 0,5 77,6 0,1 21,8 0,30 . 0,10

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 323-325, November, 1973. Original article
submitted March 7, 1973. : ‘

© 1974. Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011.
No part ofvthis publication may be reproduced, -stored in o retrieval system, or transmitted, in any form or by any means,
electronic, ‘mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. 4
copy of this article is available from the publisher for $15.00. v :
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TABLE 2. Distribution of Radioactive Elements and Total 8- and y-Activity in the Prod-
ucts Obtained by the Thermal Opening of the Fuel Elements, %

Totalradio-
activity 6f

Elements the fuelele~

Products ments

S s Rl Il 0 I

1 blocks 99,9 '{99,68|99,89] 99,89 ;95,0 98,0 | 95,0 {94,95| 95,0 |80—95]98,4 93,0

iuﬁ'oy casting 01 |02 |0 | o |49l — | = 50|50 — |15 20
Encrustation ) 0,002 0,12 0,01| 0,04 0,00 2,0] 5,0] 0,06} — — 0,01] 0,02

Encastat ,0021 0,121 0,013 9,501 BELSE 0 T T 520 0008 —

a start being made into the development of the thermal process for opening oxide fuel elements with zir-
conium cans. '

Materials and Apparatus

Unirradiated fuel elements of a water-cooled, water-moderated power reactor cut into sections 30-
50 mm long were subjected to dissection in this way. The core of the fuel element was made of sintered
UO, blocks and the can from 71r—1% Nb tubes. As additive material to reduce the melting point of the al-
loy, commercial iron (St. 3) was employed, or else copper of the M1 type. The opening of the fuel ele-
ments was studied in a vacuum installation with a GL-15M high-frequency generator (Fig. 1). All the op-
erations in loading and unloading the materials were carried out through a chamber preliminarily evacu-
ated and then filled with argon. ARV graphite crucibles were used for the experiments. First the cru-
cible was degassed at 1400°C. Then the zirconium alloy was placed in the crucible and held at 1300-1400°C
for 30 min. After this the alloy was cast into a mold. During the melting and holding period the inside of
the crucible was coated with a protective layer containing zirconium carbide.

Opening of the Fuel Elements

The samples, constituting fragments of a water-cooled, water-moderated power reactor fuel element
placed in sheaths of additive metal (Cu or Fe}, were loaded into the prepared crucible. The samples in
the crucible were heated until the onset of contact melting between the material of the fuel element can and
the additive. After holding for 15-30 min the melt was decanted into a mold while the fuel was thrown into
a receiver. The casting and the fuel blocks were weighed and analyzed chemically. The amounts of cop-
per, iron, uranium, and carbon were determined in the alloy and the amounts of zirconium and additive
material in the fuel.

Experiments showed that the can of the opened fuel element fused easily with the additive below
1200°C, and the resultant melt formed a molten metal pool in the crucible. The melt has an excellent
flowability and passes completely out of the crucible when the latter is tilted. The casting is freely ex-
tracted from the steel mold. The alloy is extremely brittle, and its fracture surface has a silver-white

Fig. 2. Crosssectionof a U02 block after opening: a) magnified 8 times; b) 120 times.
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color. The uranium dioxide blocks retain their shape during the opening process. After opening, part of
the surface of the blocks is covered with a film of alloy not more than 0.1 mm thick (Fig. 2).

The results of the experiments on opening the cans are presented in Table 1. Changing the tempera-
ture from 1050 to 1300°C and-the holding period from 15 to 30 min has hardly any effect on the complete-
ness of separation of the can materials from the fuel blocks. Owing to the high flowability of the melt,
most.of the latter may be separated out, and only 2.1-7.0% of zirconium and 0.2-0.7% of iron or copper are
left in the blecks. The transfer of uranium into the Zr—Fe or Zr-Cu melts is no greater than 0.1 and 0.3%
respectively at temperatures up to 1320°C. At 1400°C the amount of uranium passing into the melt in-
creases to 0.5%. The amount of carbon in the melt is small (0.04 to 0.10 wt. %) and does not increase in
this way. Hence at temperatures up to 1400°C the protective layer of zirconium carbide formed on the in-
ner surface of the crucible reliably protects the graphite from damage due to the melt.

Table 2 shows some computed data relating to the distribution of radioactive elements in the products
obtained by thermal opening. The amount of fission products passing into the casting and encrustation is
negligible. At the same time 5-20% of Xe and Kr are evolved into the gas phase during the opening.

\

Oxidation of the Fuel

In order to transform the UO, into a powdered product suitable for subsequent fluorination in a fluid-
ized bed [4], the blocks obtained after opening were oxidized in air at 400-500°C. In all the experiments
the blocks started breaking up after some 10-15 min at 400°C. The process ended in 20-30 min. The prod-
uct formed a powder containing 85-97% of particles less than 10 y in size and 3-15% of particles between
-0.01 and 3 mm. Thus the alloy film on the surface of the blocks breaks up and does not prevent the oxida-
tion of the UO,. On oxidation of the UO; blocks in a fludized bed of corundum with a particle size of 500 p,
additional separation of the fuel from the alloy occurs. Fine (1-10 p) particles of UsO4 are then carried -
out of the apparatus in the gas flow, while fragments of alloy 1-3 mm in size are accumulated in the corun-
dum bed (2-7%) and taken out together with the latter.

LITERATURE CITED

1. A, M. Petros'yants, At. Energ., 27, No. 4, 263 (1969).

2. G. P. Novoselov and A. T. Ageenkov, ibid., 26, No. 3, 230 (1969).
3. A. T. Ageenkov et al., ibid., 32, No. 6, 490 (1972). ' :
4. J. Barghusen, React. Fuel Proc. Technol., 10, 309 (1967).

1010

Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4




Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4

THERMODYNAMICAL ESTIMATION OF THE PROCESSES
INVOLVED IN THE SEPARATION OF URANIUM AND =
PLUTONIUM HEXAFLUORIDES BY SELECTIVE CHEMICAL
REDUCING AGENTS

N. P. Galkin, V. T. Orekhov, , . UDC 621.039.59
‘and A. G. Rybakov '

The processes involved in the separation of UFg—PuF¢ mixtures are of considerable interest in con-
nection with the technology of processing the nuclear fuel of breeder reactors by the fluoride volatility
method. The separation is based on the differing physical and chemical properties of the hexafluorides.
There are three methods of separation which have been most widely discussed: distillation, thermal de-
composition, and the use of selective chemical reducing agents. Separation by fractional distillation is
clearly ineffective owing to the radiochemical and thermal instability of PuFg [1, 2], which leads to the
gradual accumulation of PuF, in the apparatus. The thermal reduction of PuFg proceeds to a state of
equilibrium; reduction by chemical reagents may be effected quantitatively and is therefore preferable.

In this paper priancipal attention will be directed toward chemical methods of reduction, which were
discussed in earlier papers [2, 3] chiefly on the basis of experimental data.

As reducing agents for PuF,, it is desirable to use substances having physicochemical properties
differing from those of UFg and PuF,; in this case the purification of the fissile materials may more easily
be achieved. Analogous demands are made upon the reaction products [1}. The following substances have
been proposed and studied [1-3]: freons of the methane series, CCI3F, CCL,F,, CCLF; (carbon tetrachloride
cannot be used in view of the fact that UF; and CCl, cannot be readily separated), freon of the ethane series
C,F,Cl,, inorganic compounds H,, Br,, Cly, O,, Xe, CO,, 80,, and SF,. The most suitable substances for
the separation of UFs—PuF, mixtures are generally considered to be CO,, freon-114 (C,F,Cly), and SF, [3];
however, no theoretical arguments have been presented in favor of these.

TABLE 1. Temperature Dependence of the Change in the Standard Gibbs Energy of For-
mation of Certain Substances AGfT, keal/mole

CClIsF | GCloFy| CCIF; | CeClsFz| CoClaFg | CoClFs OF, STg SO2Fy BrFs XeFs XeFy
(91 | 191 | [917| Tt0} (103 {10] (5] [i1] [5] [12] [13] {13]
T, °K i —AH{gg8
78,20 ] 5 k 5 61,115 ‘
70,9 | 119,1| 171,3 1[8114] 214,60 ;62.40 5,0 291,8 205,1 6] 25,9 51,5
298 | 81,51 | 409,81/ 162,46{ 158,65| 195,02 | 242,68 0,87 266,96 194,94 55,08 17,86 33,03
30 — | — | — | — — — — — — — — —
400 | 58,31106,63| 158,28 152,501 188,35 | 235,810 —0,55 258,40 191,54 45,09 15,15 27,83
500 | 55,21 | 103,52 155,00| 145,85 181,84 | 229,49 —1,95 249,78 187,44 42,27 12,50 21,76
600 |52,14(100,44| 151,73 139,04 | 175,38 222,74 —3,36 241,10 183,97 39,52 9,85 15,68
700 |49,10| 97,36 148,46[ 132,55 | 168,97 216,19 —4,77 232,39 180,53 36,81 7,19 | 9,60
800 | 46,08 94,32|145,21|125,91| 162,64 | 209,70 —6,18 224,96 177,76 34,13 4,53 3,52
900 | 43,10] 91,28|141,97| 119,76 156,29 203,22 —17,59 214,82 173,65 31,46 1,82 —2,55
1000 | 40,07 | 88,27| 138,74} 113,30| 149,98 196,78 —9,00 204,73 169,64 28,81 —0,77 —8,63

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 327-331, November, 1973. Original article
submitted February 7, 1973.
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Fig. 1.

Change in the standard Gibbs energy AGT for the interaction
of UF, with organic reagents.

Fig. 2. Change in the standard Gibbs energy AGPP for the interaction
of UF, with Hy, O,, Clz, Br,, I, and Xe.

The aim of the present investigation was to make a thermodynamical estimation of the chemical
means of separating uranium and plutonium hexafluorides with various reagents. In order fo achieve a-

more complete picture of the processes involved, the earlier- -proposed substances were. supplemented with
freon-113 (C,Cl3F3), freon-115 (C,CIF;), CO, and I

It was assumed that the following reactions might take place during the procéss:
Freons of the éth>a.ne series
1—-2C,CLF;+-EFg= ZCzC12F4 4 EF,; -+ Cly;
2 —CyCl3F; +EFg = CyClIFy - EFy - Cly;
3— 2C,Cl;Fy + 3EFg = 2C,Fg -+ 3EF, -+ 3Cl,;
4—2C,ClyF, +EF s = 2C,CIF; +EF, --Cly;
5 —CyCLF, +-EF; = CFg + EF, + Cly;
6 — 2C,CIF; +EFg = 2C,F + EF, +Cl,.
Freous:' of the methane series
7 — 2CCL,F 4 EFg = 20CL ¥, + EF, - Cly;
. 8 —CCLF +E.’Fe = CCI'_F§ +EF, - Cly;
' 9 — 2CCLF + 3EF g = 2CF , - 3EF 4 + 3Cly;
10— 2CCLF; EFg=2CCIF;+EF,+ Cly;
11 —CCLF; +EF, = CF; +-EF,+Cly;
12— 2CF3C1 ‘{*EFG = ZCF:; +EF4 + Cl_z-
Inorganic reagents
13—H, +EF,= 2HF +EF,;
14 —Cl,-EF;=2CIF EF;
15 —Cl, 4- 3EF; = 2CIF, + 3EF;
16 — Br, -+ EFy = 2BrF +EF,;
17 —Bry - 3EF; = 2BrF4 4~ 3EF;
18 —Br, -+ SEF = 2BrF; 4+ SEF,;
19—1, +EF; = 2IF +- EF,;
20 — 1, SEF = 2IF; - SEF;
21 — 1+ 7EFg = 2IF, 4 TEF;
22 —0,+ 2EF; = 20F, + 2EF,;

1012 '

Declvassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4




Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4

12

- ]
/%’
4 .
16
~501— 15
/

/
w1001 27
(3]
g ‘
o 78
S
< . .

=200

,0, kecal

A6,

=100

I T NN N R I B I N R R N R
Jo0 500 700 900 T,°K 500 500 703 00 T,°K

2

Fig. 3 Fig. 4
Fig. 3. Change in the standard Gibbs energy AGT for the mteractmn
of UFG with CO COZ, SF4, and 802

Fig. 4. Change in the standard .Gibbs energy AG%‘ for the interaction
of PuF,; with Oy, Cly, Bry, Xe, CO,, and CyCl,F,.

TABLE 2. Logarithms of K for Certain , 23— Xeo-+EFg = XeF; +EFy;
Reactions Leading to the Reduction of PuFg 24 —Xe + 2EF; = XeF,+ 2EF;
Noor - 25— CO-EF;=COF;+EFy;
0,0 . o
roac- ' mx : 26 —2C0 -+ 4EF,= 2CF4-}—4EF4+02,
tion | 298 | 400 [ s00 | 600 | 700 | 800 | 900 {1000 27 —2C0, 4- 2EF s = 2COF2-L-2EF4+02,
' 4,58 | 26,49(20, 76164913, 24}10,60 ' 28 —CO, + 2EFy = CF, + 2BF, + 05
5 | 67,87 46,79 34,58 | 26,49]20,76/16,49(13, 24110, 3
7¢ | 25.00] 18.81| 15,17 | 12.78/11,09] 9,83 8.87[ 8.12 29 —SF 4+ EFg=SF; |- EFy;
15 | 47,45 32,1§ 28,65 21,;? %E,% ggz }0,54 337 30 — S0, +4EF, = SO,F, + EFy;
16 | 32,26] 24,18/ 19,47 | 16, , ,54]11,26(10,26 _
27 | 95.40| 60.11] 45,71 | 36,25(29,63(24,62/20,84{17,83 31— 80, +- 3EFg=SFg + 3EF, -+ O,.
18 |178,70[124,85! 93,66 | 73,14 51,2254;,;339,58 33,(5)0
22 117,98 11,89 &,38| 6,17| 4, ,23] 2,30] 1,58 iteri ; ; ;
1 | 33°98| 2248|15.35 | 10.68| 7.39| 4.05| 3.09| 1,64 As a criterion for estimating the possible occurrence
27 | 90,44| 65,58 51,55 | 42,05/35,32(30, 28126, 40123, 24 and direction of any particular reactlon we used the change
28 | 96,33 69,701 54,20 43,9936,62)31,18/26,98)23,65 in the standard Gibbs energy AGT and the equilibrium con-

stant Ke, expressed in units of pressure for the state of
an ideal gas at 1 atm. We used the following thermodynamic relations [4, 5] for the chemical reaction with
stoichiometric coefficients expressed as smallest whole: numbers:

A aA+bB 2 rR+q0;
AGY = rAGY; [R] + qAGH [Q] — aAGl: [A] —bAGH, [B],

where AG%« is the change in the standard Gibbs energy of the reaction under consideration; AG%T[R] is the
change in the standard Gibbs energy of formation of one mole of substance R.from the elements in standard
states at a temperature T and a pressure of 1 atm.

The change in the standard Gibbs energy of formation of the compounds at various temperatures was -
calculated from the equat1ons 4] :
AGY = AH) —TASYy,
where ' .
A}y = Aszgs - [H}—HYs]  — Z{H{— Hiiklem;
ASY = S3 —Z8%elem-
_’ AHf298 and AHfT are the entha1p1es of formation of the compounds in the standard state at 298.15°K and

temperature T, respectively; [HT H293] is the difference between the enthalpies in the standard state at
temperature T and 298.15°K; AS%T is the change in the entropy of the substance with temperature.
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TABLE 3. Meltingand Boiling Poiats of the After determining AGQI‘ we calculated Kq from the
Original Substances and Reaction Products equation ’
19, 16-18]. : AGY = _RTInKk
Substance tys °C ©oy,C The values of the standard Gibbs energies of forma-
tior& of the original reagents and the reaction products
(013 247 AGpr were taken from the following sources: UF;, UFy
Gk 1556 1001 [6]; PuFg, PuF, [7]; CFy, CpFg, HF; CO, CO,, COTy,
CIF; | -8 oL SOF,, 80,, SF, [4]; CIF, ClF,, BrF, BrF;, IF, IFs, IF,
BrF —33 20,0 . . ) ¢ 0 . 0 . : i
"BrF; 8,8 127,6 [8]. The values of AHg,g; and AGet for certain compounds
Dl —_6%’3 o2 not mentioned in the literature were calculated and are
Xe —111,8 —108,1 presented in Table 1,
XeF, ~—140 ’ — o ) ) .
XeF, o4 U ‘First we calculated the standard Gibbs energies for
CO, — —78,5 ] ) e oo
COF, —114 —86,1 . the interactions between the substarnces and elements just
: 8féle4 _igz _fg 7 mentioned and uranium hexafluoride. From the value of
Ust : —132 g —gg,g : AG% for the reaction we selected substances, the inter-
pﬁﬁs 50.8 62.3 : action of which, with UF;, was thermodynamically impos-

sible; for such reactions the condition AGy > 10-15 keal
had to be satisfied. Then we studied the interaction with
these reducing agents. The results of the calculations
are presented in Figs. 1-3.. Among the'organic compounds, one substance thermodynamically inert w1th
respect to UF; may be freon-114 or C2C12F4 (reactions 4 and 5). Since reaction 4 has a value of AGT =10-
100 kcal in the temperature range studied, it is clear that any eéstimation of the interaction should be based
on reaction 5, according to which freon-114 is dlrectly converted into C,Fy, m1ss1ng the stage of C,C1F;
formation.

In the reactlons of all the remaining orgamc compounds of the ethane and methane series with UF,
we have AGT = —120 to —20 keal, and the reduction of uranium by these reagents is thermodynamically
quite possible. For this reason these cannot be recommended as selective reagents for the separation of
UFg and PuFg, and we shall pay no further attention to them. Of all the elemental substances those thermo-
dynamically stable with respect to UF; are Cl,, Br,, O,, and Xe. In the interaction between UF; and iodine
with the formation of iodine monofluoride AGror = 2-3 kcal over the whole temperature range, which does
not exclude the possibility of reducing UF;. Hydrogen, of course, is a strong reducing agent for UF,.

Of the inorganic compounds, only CO, may be recommended for separating UF¢~PuF; mixtures. The
remaining substances (SO,, SF,, CO) are thermodynamically capable of reducing UF; at 298-1000°K.
Judging by the thermodynamic data, C,Cl,F;, 80, and SF, should reduce both hexafluorides. Certain re-
ported results [1, 3], according to which these substances do not reduce UFg, may be attributed to kinetic
hindrances. In processing actual nuclear fuel, Ru, Rh, Mo, etc. may constitute appropriate catalysts for
the interaction with UF,. '

+ Thus, according to the results obtained, it is reasonable to consider the interaction of PuF; with the
following substances only: C,F,Cl,, O,, Cl,, Br,, Xe, and CO, (reactions 5, 14-18, 22-24, 27, 28). Figure
4 shows the temperature dependence of. the standard Gibbs energy for these compounds.

All these substances except Oy are thermodynamically suitable for separating UF¢—PuF, mlxtures
The standard Gibbs energies of the reaction between oxygen and PuF; vary from —12 to +2 keal, so'that O,

- is a less energetic reducing agent for PuFg than all the other substances. In this case the separation con-

ditions may be complicated by the fact that the reduction of PuFg will be incomplete or entirely absent.

Thermodynamic analysis gives the following substances as the best selective reducing.agents for
PuFg: Cly, Bry, CO,, Xe, and C,Cl4F,. As regards the last of these, experimental verification is still
needed, since the absence of interaction with UF; has only been verified for temperatures above 600°K.

Table 2 shows the temperature dependence of the equilibrium constants K for the interactions of
PuFg with a number of substances. Reaction 18 has a molecularity of six, and will thus probably be
limited by the kinetic parameters. Hence any estimation of the interaction of the halogens Cl, and Br,
with PuFg should be based on the formation of the mono- and trifluorides only (reactions 14-17). All the
reactions except 5, 14, and 16 involve a reduction in volume; in view of this, an increase in the pressure
of the system favors a shift to the right in the equilibrium. Judging by the equilibrium constants Kg, the
most energetic reducing agent is CO, and the weakest is xenon.
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Table 3 gives the physical properties of the selective reducing agents for PuFg and certain reaction
products. It is well known that, after separation, the uranium hexafluoride and plutonium tetrafluoride
have to be freed from an excess of reducing agent and the corresponding reaction products. Hence the dif-
ference in the physical properties of the compounds is of extremely important sigﬁiﬁcance;

The decisive part' in choosing any particular selective reducing agent for PuF is played by the choice
of the fluorinating agent used in the reprocessing of irradiated UO,—PuO,-base fuel by the fluoride- volatil-
ity method.

When using halogen fluorides under conditions preventing their thermal decomposition (in accordance
with published data and the reactions studied in the present investigation) selective fluorination of the
uranium takes place, while the plutonium remains in the condensed phase. When the uranium hexafluoride
is contaminated with plutonium it is approprlate to use the corresponding halogen chlorine, bromine or
freon-114, as reducing agent. -

On treating fuel with elemental fluorine, -the hexafluorides may best be separated by means of carbon
dioxide, since this and the reaction products so formed have physical properties which differ to the greatest
extent from those of the actinide fluorides. In addition to this, CO, is used in the fluorination of fuel by
halogen fluorides. The use of xenon for these purposes is undesirable, since the volatile and condensed
actinide fluorides are contaminated owing to the unsatisfactory properties of the xenon fluorides so formed.
Furthermore the xenon fluorides may explode spontaneously [18]. o

Thus the most readily accessible and universal reagent for separating a mixture of UFg and PuF,
must at the present time be regarded as carbon dioxide.
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OPTIMAL CONSTRUCTION OF INFORMATION CHANNELS
IN RADIATION MONITORING SYSTEMS

A. N. Klimov, V. V. Matveev, ) . UDC 539.107
I. V. Makhnovskii, and B. V. Nemirovskii

The introduction of extensive systems for monitoring, for prediction, and, in a number of cases, for
issuance of advisory statements naturally leads to the complication of systems and to a need for carrying
out various operations for the analysis and output of information which makes centralized multichannel
_systems resemble specialized computers in structure and complexity [1-5]. Under these conditions, uni-
versalization of multichannel systems and optimization of their construction techniques take on'particu-
larly great importance. A single all-purpose centralized device for handling information is developed and
specific monitoring of objects is provided by completion of the system with the appropriate detection units.
For the realization of this situation, it is desirable to equalize all system channels through appropriate
unification of output signal parameters from detection units.

As a rule, on output devices of centralized systems, digital information is displayed, indexed, and
recorded, and the output of the great majority of detection units is also discrete, i.e., is determined by
the number of pulses per unit time. Such an approach to system construction permits simplification of the
algorithms for handling information flow and optimization of the mformatlon and measurement channels of
a radiation monitoring system.

In this paper the output information flow is discussed first and then the input information flow. This
order is determined by the fact that the form of information presentation to the operator decides the pri-
mary treatment of the input information flow.

Representation of Qutput Information Flow

In most general form, information F about the results of measurements in any -channel must contain
information about the channel number N, the quantltatlve (numerlcal) value .of the measured parameter 1l
and its dimengionality R:

The value of the measured parameter is usually represented in decimal notation .on the output devices of
digital registérs and can be given in most general form by the polynomial 1 (10).

CH(10) = Pp10"™ - Py 10™1 4 L. PO ..+ PR10™
T(10) = 3 PO}, | _ £2)
i=n

where Pj is the value of the digit in the i-th column, varying from 0 to 9; m is the highest.power of ten;
and n is the lowest power.of ten. The quantities m and.n may be negative or positive.

Multichannel systems for radiation monitoring measure various physical quantities such as y-ray
exposure dose rate, gas concentration, aerosol concentration, etc. The range of variation of absolute
numerical values is considerable for all measured quantities. To a certain extent, it can be reduced by
the choice of appropriate dimensionality. The first readout point of a measured parameter is always
characterized by some coefficient 10! , where [ is the power of ten corresponding to the first readout point

Translated from Atomnaya Energlya Vol. 35, No. 5, pp. 333-337, November, 1973. -Original article
submitted April 4, 1973.
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of the measured range. For example, in measurements of the
y-ray exposure dose rate in the ranges 10~ 421071 or 10%-10*3
R/h, the coefficient I is respectively —4 and 0. In this case,
Eq. (2) takes the form

Fig. 1. Block diagram of single chan- _ n (,10):10’12"1 PA0-. (3)
nel with timing: D, D) detection units; : ' i=n
S) subtracter; Iy, I) coincidence cir- From Egs. (1) and (3), information in the output of the
cuits; T) timer; IR) informationregis- system characterizing a measured quantity can be represented
ter; DD) digital display; PM) perma-. in the following manner:
nent memory. : . i—m

F=f(N, 10" 3 P10}, R). (4

i=n .

Consequently, information in the output of ahy system for radiation monitoring can be presented in
the form of a channel number, a numerical value of the measured parameter, a coefflclent 10! charac-
terizing the beginning of the measured range, and the dlmensmnahty

Representation of Input Information Flow

The detectors used in nuclear instrument manufacture convert information about ionizing radiation
into an average current or into a sequence of electrical current or voltage pulses which is characterized
by a repetition rate, by the number of pulses in a given period of time, by an average current, or by a
total charge. Each pulse is characterized by time of appearance, by curreut pulse height, by a charge,
or by the shape of the time distribution of the elementary charges. Any of these signal parametfers can
carry definite information about measured characteristics of the radiation field and accordingly varies
within definite limits [6].

In radiometric equipment one ordinarily measures the flux density of particles with energies ranging
from E, to E,. The quantity which relates flux density of particles or quanta to pulse repetition frequency
is the sensitivity. Usually the value of particle flux density is proportional to the pulse repetition rate and
is measured by it. At the same time, the pulse height at the output of various types of detectors (pulse
ionization chambers, proportional counters, Geiger—Muller- counters, scintillation and semiconductor
counters) varies over the range (0.25 107 3-80)E volts [7]. The energy E mainly varies from 10 1o 10™
MeV, and the pulse height of the signals over five to six decades. With radiometric equipment one mainly
measures particle flux densities for particles in an energy range (E,~E;) and therefore the introduction of
appropriate amplifiers and pulse shapers for pulses from all types of detectors can lead to a single nor-
malized value.

One can therefore assume there arrives at the outputs of multichannel systems sequences of pulses
characterized by a counting rate nj in some i-th channel of the system. In this case, the total load on the .
i=k
system is Z nj, where k is the number of channels in the system.

i=1
The timing method is the simplest and most w1de1y used techmque for recording such flows of pulses
{3]. In this case, the number of pulses accumulated in a time T is n;T for ordinary channels and (aj— nj)T
for a differential channel where n; is the count rate in the "signal + background" channel and nj is the count
rate in the background channel.

Figure 1 shows a block diagram characterizing the timing method for a single differential channel.
Here the count rates n; and nj from the detection units D and D, are sent to the statistical subtracter S [8]
and then pass through the coincidence circuit Ij controlled by the timer T to the information register IR.
Identification of the number of pulses collected and the corresponding measured quantity is accomplished
by means of the timer. Representation of the information occurs on the digital display DD in the form of
three quantities: the information I, the coefficient 10! (K), and the dimensionality R. '

At the beginning of display, a signal is sent from the timer to the coincidence circuit I, which also
sends information about the value of the coefficient and dimensionality from some permanent memory de-
vice PM to the digital display. Values for the coefficient and dimensionality are most often entered on the
front panel of the instrument.
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When considering several channels, the quantities nj and nj for each type of detection unity at the be-
ginning and end of the range are different as a rule. In this case, the resultant value of the count (ni—n'i)T
is also a variable quantity at the beginning of the range, for example. At the same time, it is'desirable to
have the quantity T the same in multichannel systems. '

To have identical measurements, it is reasonable to introduce the normalizing factors B and @ which
respectively take into account the spread in efficiencies of detectors of different types and of detectors of
the same type. Then the expression for the accumulated number of pulses Nj in a time interval T takes the
form ‘ : ' '

Ni=(opim; — oifin) T. _ )
When there is no background channel, we have
- ' Ni=apmn.T. , (6)

Information in systems with many detection units is recorded serially [9], in parallel (3, 9], or in series-
parallel [10]. The most widely used is parallel recording in which numbering and coding of detection units
is carried out on a matrix basis [3, 9].

In this case, Eq. (5) is written coaventionally in the form

aiﬁiv e vy a‘/h‘ﬁyg . ‘ a;ﬁ;: . 1a'1/hﬁ]/k
Ni: Q’A_VEﬁH_]/E! ceey Oy 1/552 Vi niT—- a;+V'k§1+Vk’ e C1‘2 Vhﬁ2 vk nT ‘ (7)
@, Vh+1ﬁh VEf1? "0 ®ufn - ‘ “h Ph—l—iﬁh VR4g1r "0 0 ai Pr )

Introduction into the system of devices which realize the factors al and Bi makes it possible to unify
the counting rates from all detection units. Then

D
- il = const; aifiny,,, = 1077,

min; = const,

where D is the number of orders of magnitude covered by a single detection unit. To have the channels
identical, 'it'is advisable to have the quantlty D the same for all channels.’

Consequently,

Nminl—CODSt Nmax = 10" N 1—const’.'

If the quahtities ajBjn; and oziiB{n"i are denoted 'by_nui and nui (unified count rate), Eq. '(5') takes the -
form ' _ _ ’ ' ' ‘
Ni = (nuj — niy) T S Co . (8)

Thus the input information flow in a multichannel dosimetric system can be presented to the channels
at a unified count-rate by the introduction of devices which eliminate the effects of the spread in efficiency
for detectors of a given type. With such an information flow, the measurement operation for any parameter
is identical in all channels.

Compamson of Imput and Output Informatlon Flows

The analysis of input mformatlon flow makes it possible to s1rnp11fy the measurement of the physical
quantities themselves to a considerable extent. For example, the expression for the concentration of radio-
active gases has the form o - '

K;=(a;8:n; —oifing) Tn;R;, ) : . (9

where 7 is a factor which takes into account the conversion from the number of accumulated pulses to the
actual physical quantity; R; is the dimensionality of the measured quantity.

Analysis of Egs. (4) and (9) shows that these expressions are different descriptions of the measured
parameter employing input and output quantities.

Comparing these equations, we write the following system of equations:

SV PO = (o, Bin; —cuiing) T

iZ o ’ (10)
10’ ="M;;
R=R,.

’
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Allowing for unified input, the first equation of this
system can be brought into the form

% PO =(n,—n) T. » (11

. Thus the measured quantity is made up of a variable
numerical value and two constants — the dimensionality
and the factor 10¢; the variable numerical value of the
measured quantity is completely determined by the unified
counting rate; the normalization coefficient in the absence
of a background channel and with @ = 1 is found from the
expression Pj = iyin,/fmin;- '

Block Diagram of a Possible System

A possible version for the construction of a multi-
channel dosimetric system with unified input and output is
shown in Fig. 2. Here the unified flow from the detection
units Dy and Dk is sent to the count rate converter CRC
, which is controlied by the oscillator O {11]. Each channel
Fig. 2. Block diagram of multichannel of the CRC includes a coarse (CS) and fine (FS) shaper
dosimetric system with unified input and producing pulses of appropriate length which are sent
output: Dy, D) detectionunits; CRC) count through the ILI circuit into the coincidence circuit I and
rate converter; CS)coarse shaper; FS)fine which prevent the transmission of pulses from the detec-
shaper; ILD collection circuit; I) coinei- tors to the input unit TU and to the memory M. Thus a
dence circuit; IU) input unit; O) oscillator; unified information flow is created at the output of the

M) memory; CU) control unit; IR) informa- CRC.

tion register; T,—T;) tetrads; PM) perma- . :

nent memory; HOD) high-order digit unit; On signal from the control unit CU, information
NR, IR,, PR, CR, DR) registers for channel from M is sent to the appropriate tetrads T{—Tg of the in-
number, information, decimal point, coeffi- formation register IR;. This information is then con-
cient, and dimensionality, respectively; verted in a device for determining the high-order digit
DDD) decimal digital display. and is sent through the appropriate coincidence circuit

to the information register IR, and the decimal point reg-
: ister PR. At the same time, the appropriate quantities
are sent from the permanent memory PM into the coefficient register CR and the dimensionality register
DR. The number of the channel from which the information is being taken at this time is in the chaunel
number register NR. :

All the information stored in the static output registers NR, IR,, PR, CR, and DR is digitized by

“ means of the dynamic digital display DDD. As a result, the information is presented on the digital dis-

play, for example, in the form

151. 32.7x 1074, R/

Conclusions

Thus the input information flow in a multichannel system for radiation monitoring can be unified. In
that case, the range covered by a detection unit can be reduced to an identical value D (for example, D = 3)
and, correspondingly, the counting rate in any channel at the beginning and end of the range should be iden-

. tical and vary from 1 to 1000 counts/sec. Such a realization can be achieved either by means of multi-

channel count rate converters which eliminate the efficiency spread in different kinds of detectors (the fac-
tor B) and the efficiency spread in detectors of the same kind (factor ) or by means of devices located
within the detection units themselves. '

With such a solution, the output information flow can be represented by a channel number, a numeri-
cal value of the measured parameter in the form of a three-digit number with floating decimal point, a
coefficient 10° characterizing the beginning of the measurement range, and the dimensionality. The three-
digit number is completely determined by the unified counting rate during a timing period that is a multiple
of 10. The subrange in which the measurement is made determines the position of the decimal point in
this number.
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The coefficient 10% and the dimensionality can be formed and stored in the permanent memory. It is

sufficient to store only the value of [ in the permanent memory to represent the factor 10¢, 1t is then suf-
ficient to have a total PM capacity of 7 bits for storage in any channel of the system of quantities varying
from 1077 to 10"7 and having eight dimensionalities. ;

¢

The algorlthm for the measurement of any parameter is then very 'simple and for a time T = 100 sec

reduces to the simple accumulatmn of pulses and their subsequent display accompamed by a numeérical
value for the’ d1mens1onahty and the coefficient 10%.

[ e o

o

10.
11.
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GAMMA-ACTIVATION ANALYSIS METHOD
FOR OXYGEN AND FLUORINE WITH
DELAYED-NEUTRON RECORDING

M. M. Dorosh, N. P. Mazyukevich, UDC 548.53.
A. M. Parlag, and V. A. Shkoda-Ul'yanov

The use of delayed neutrons in activation a;ialysis allows one to significantly increase selectivity with
respect to oxygen; the method successfully suppléments y- and neutron-activation methods of determining

it, since one excludes here the effect of boron, fluorine, and other elemental impurities which after activa-

tion produce emissions which compete with emissions of nuclear product,sl from the %0y, n)'%0 and
60 (n, p)!®N reactions. The given method is convenient to use for rapid analysis for oxygen and fluorine in
large samples of metals and other substances without destroying the samples.

In order to study the physical bases of the method, we measured the output and determined the crea-
tion cross section of delayed neutrons in the reaction 18O('y, p)”N in the region from threshold to 25 MeV
using a betatron having intensity 30 R/min at 1 meter from the target [1], and we also measured the de-
layed-neutron output from heavy-oxygen water HQ“’O and Teflon-4 [CFy], in the range 25-70 MeV on a linear
electron accelerator having current of 0.01 pA [2, 3]. ’

Recording began after satutration was achieved and was conducted for 30 sec with delay of 0.1 sec
after beam turn-off. The principal detector in the counters with BF, had efficiency ¢ = 0.33%; the appa-
ratus background in the absence of the beam was ny, = 4 pulses/min. The heavy-oxygen water in the
amount 0.98 g - mole (50% '®0) was placed in an oxygénless (Plexiglas) container having internal diameter
40 mim, height 34 mm, and wall thickness 4 mm. To take account of the background and y-absorption and
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Fig. 1. Output of delayed neutrons from thin 180 sample reduced to absolute-
ionization-chamber current.

Fig. 2. Transverse 18O‘('y, p)”N reaction cross section: 1) data from {5]; 2)
the present work; 3) data from (6]

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 339-342, November, 1973, Original article
submitted November 29, 1972; revision submitted April 3, 1973.
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T

"TABLE 1. Sensitivity in Determining Oxy-
. gen and Fluorine
0°° : :
w0’ - OOO0 Energy Oxygen, g Fluorine, g
I o’ MeV |presentwork (8} present 181
L ‘ . work
i | 40 2,70-10-3 1,40.10-% — 7,90.10-5
B i 50 1,90-10-3 | 0,80-10-¢ | 1,52.40- 3,64-10-%
|- 60 1,60.10-3 | 0,52.10~¢ | 1,30.10-%1 1,20-10-%
i 70 | 1,42.10-3 | 0,28-10-¢ | 1,10-10-%| 0,92.10-5
|
!

T4} B
8 TABLE 2. Possible Accompanying Reactions
2 owf . :
I rC 2| g .
< a = o .
w B ! 5 Reaction gl 2 Q
E [ I Noj “E’ g- E (R 2
. 2 = 9 =

g =) 2 ol B = =
s L
Q
=]
o 1|8 1B (y, 2p)oLi 8t | 31,3 |07
£ 2l ¢ 12€ (y, 3p)9Li 100 47,3 017
S L 3| Ne 20Ne (y, 3p)17N 30,5 36,8 |4,15
5 4| Na 23Na (v, a2p)3?N | 100 34,4 | 4,15
P 5| Mg 2uMg (v, @3p)U'N | 77 46.1 | 4,45
ol 6] Al 2741 (v, 2¢2p)17N | 100 445 | 4,15
5 7| U, Th | Neutron photofis--1100 | n—1-+3;| 0,2—

0= . sion ' \1—55,1 60

. -5,

scattering effects we used a sample identical in form, but
made from ordinary water. The sample containing fluo-
rine weighed 31 g; it was 35 mm in diameter and 20 mm’
in height.

T

Figure 1 shows the delayed-neutron output from a
(/A R GOSN S WSS WS NS E thin H,1%0 target in the interval 16.5-24.5 MeV relative to
30 40 50 50  E,MeV : C
o _ 1 pA current in a Flowers ionization chamber and 1 mole
Fig. 3. Output of delayed neutrons from oxy- 180. The %0(y, p)!'™N reaction cross section found in our
gen and fluorine: 1, 2) data from present work is shown in Fig. 2. The maximal value is o,,, (E)
work; 3, 4) date from {8]. = 12+ 4 mb; the errors in determining this are deter-
mined by the statistical accuracy in measuring the output
(1%), the drift of the irradiating apparatus and the measuring apparatus (4), and by the errors of the method
for calculating cross section, which is about 20%. Besides this, the errors in measuring 180 concentra-
tion (2%), in calibrating the neutron source (3%), and calculating the sensitivity of the absolute chamber
(~5%) enter into the total errors.  The position of the maximum was determined as 23.0 = 0.5 MeV. A
thorough accounting for all possible errors, and also the fact that the cross section ayp(E) which we ob- -
tained by the thick-sample method [4] agrees well with the cross section for a thin sample, allows us to
conclude that the results of [5] are high and the data of [6] are somewhat low. The 180 ¢y, p)!"N reaction
cross section obtained in the present work can be used in activation analysis for theoretical evaluation of
the delayed-neutron output from large samples of oxygen-containing substances; this evaluation can be
made using cascade theory [7]. '

Figure 3 shows the output of delayed neutrons from 1 g of H218O in the energy range 25-70 MeV and
from 1 g of Teflon-4 for energies 51-67 MeV. For ease in comparing the results obtained with the de-
layed-neutron outputs from SiO, and LiF samples weighing 1 g each, measured in [8}, they were reduced
to a current of 50 pA, which is used in that paper and which in magnitude is typical for modern electron
accelerators of various types (microtron, linear accelerator) which are capable of applied use. We should
note in this energy range additional contributions to the output of delayed neutrons are made by the reac-
tions *C(y, 3p)°Li (threshold 47.3 MeV) and %0(y, 2p)!®C (threshold 29 MeV). According to our data, the
delayed-neutron output from natural oxygen in the range 30-70 MeV increases from 2- 10% to 8-10%/1/(50
pA - sec) - g, i.e., by a factor of 4. This delayed-neutron output from 1%r in the range 51-67 MeV is 10-13
times smaller than the output from !80. But this ratio still does not determine the ratio of analysis sensi~
tivities for oxygen and fluorine in this energy range, since for the sensitivities one must take into account
the isotope content in the natural mixture, - / V
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Before moving on to evaluate the sensitivity to oxygen and fluorine, we will examine the curves for
delayed-neutron output from 30 and !*F for the region 40-62 MeV [8], which until lately were the only ones
in the literature (see Fig. 3). The nature of the curve for 130 i.e., the presence of an inflection point at
E = 55 MeV, must be evidence of the fact that the cross section of the reaction 180(7, p)”N close to this
point has a maximum,, since despite the ever-increasing quantity (depending on E'Ymax) even of y-quanta

with energies. corresponding to resonances in pr(E): the output curve does not exhibit a steady rising,
which one would expect in the absence of resonance near E = 55 MeV. On the contrary, it displays a ten-
dency to "saturation," which for the energy range above 62 MeV may be explained by fall-off of the reso-
nance peak. However, the literature does not indicate the existence of a resonance in this energy range
for photonuclear reactions with emission of a single particle. The output curve for the YRy, 2p) reaction
has a similar nature, while our data show an increase, which agrees with the assumption that significant
variations in the %0(y, p) and !°F (v, 2p) reaction cross sections .are abseat in this energy range.

There is a discrepancy (of approximately one order of magnitude) among measured values of N
activity. The discrepancy is too large to be explained by the two possible causes: discrepancy in the neu-
tron spectra from calibrated sources and experimental geometry. Engelmann and Scherle [8] do not cite
data on detector calibration, experimental geometry, and accuracy of results obtained; therefore, it ap-
pears possible to evaluate the degree to which these factors influence the results of both experiments.

) We will take, following (8], as the method's sensitivity that quantity of the element which in one ir-
radiation event gives an output equal to the magnitude of the apparatus background recorded over the mea-
surement period. Then, we can write

" _ "b'meas _ 608
MninE) = 7 (5 Y&

where n, = 4 pulses/min; tmeag = 30 sec; € = 0.33%. The minimum determined concentration is found
from the expression
By —mminE) _ 606

Msam Y (E)mgym

Cmin(
Table 1 shows the values of sensitivity calculated in this way using the experimental results of our
work and of [8]. The values were obtained for electron currents of 50 pA.

The discrepancy in the data for one element is caused by the discrepancy in outputs, discussed above.
With y-quanta energies of 40-60 MeV, one can attain practically uniform irradiation of samples weighing
hundreds of grams and more. Then, the minimum recorded oxygen concentration will be 1073-107%%, i.e.,
an amount less than the oxygen concentration in oxide film (for more common metals, 1072-1073%). Inas-
much as the removal of surface oxides when the half-life is short (4.15 sec) is a complex problem, the
method is oriented to such large samples or systems, in which there is up to 10 %% oxygen or from which
sampling is difficult.

To eliminate the influence of an insignificant number of possible interfering reactions [3, 8] (see
Table 2), one can use simple discrimination methods (according to irradiation energy and measurement
duration). Several elements (Ne, U, Th) are present in pure substances in such quantities that do not in-
fluence analysis; then, reactions 4-6 (see Table 2) must have very small cross sections in comparison
with those of 1%0(y, p) and 1°F(y, 2p). We note that the '30(y, 2p) and 1%F(y, 3p) reactions are possible with
these isotopes, bringing into being the precursor of delayed neutrons '*0 (T1/y =0.74 sec) and strengthen-
ing the necessary effect of neutron activity.

The most promising energy range for determining oxygen with delayed neutrons is 25-30 MeV, while
for analyzing for fluorine it is up to 35 MeV. - Existing accelerators have beam currents (50 uA and up)
sufficient to reveal 107% and 107°% oxygen or fluorine, respectively (with clean surfaces), in samples
weighing on the order of 1 g. By increasing the sample mass, the neutron-recording efficiency, and the
analysis cyclicity, the above-mentioned theoretical value can be increased by one or two orders of magni-
tude. '

The authors express profound gratitude to L. L. Kunin for valuable advice and to B. A. Chapyzhnikov
and A, M. Vasserman for discussions of several questions concerning the present work. ’

LITERATURE CITED

1. M. M. Dorosh, N. P. Mazyukevich, and V. A. Shkoda-Ul'yanov, Ukr. Fiz. Zh., 17, 847 (1972).
2. M. M. Dorosh, N. P. Mazyukevich, and V. A. Shkoda-Ul'yanov, At. Energ., 21, 163 (1966).

- 1023

Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4




Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4

- w

3 o U

1024

‘M. M. Dorosh,-N. P. Mazyukevich, and V. A. Shkoda-Ul'yanov,. At. Energ., 24, 274 (1968),

V. A. Shkoda-Ul'yanov, in: Papers of the Conference on Nuclear Reactions at Small and Intermediate
Energies (Moscow, 1957) [in Russian], Izd. AN SSSR, Moscow (1958). p. 485.

W. Stephens et al., Phys. Rev., 82, 511 (1951). .

R. Kosiek et al., Z. Phys., 179, 9 (1964).

S. 7. Belen'kii, Cascade Processes in Cosmic Rays [in Russian], Gostekhteorizdat, Moscow—Lenin-
grad (1948).

C. Engelmann and A. Scherle, J. Radioanal. Chem., §, 235 (1970).

Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4




Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4

ABSTRACTS

RECONSTRUCTION OF THE SPECTRA OF NEUTRONS
HAVING ENERGIES OF 0.4 ¢V-10 MeV FROM
MEASUREMENTS MADE WIiTH A SET OF
SPLITTING-ISOTOPE DETECTORS
G. G. Doroshenko; A. M. Zditov, UDC 539.12.08

K: K. Ko'sha"éx‘ra,- S N Kraitor,,
E. S. Léonov, and M. Z. Taraske

The artide‘ considers the pos‘sibifiﬁy of reconstructing the spectra @(E) of neutrons in the energy
range 0.4 eV-10 MeV from measurements made with a set of splitting-isotope détectors.
In the case of slow and intermediate neutrons, U is used along with five 98 filters having thick-

nesses of 0.1, 0.4, 1.0, 4.0, and-10 g/cm?; in the case of fast neutrons, the 2'Np, ®3'Pa, 2%y, and 238y
isotopes, as well as activated detectors with 32S(n, P, 27Al(n, p), and 27Al(n‘, «) reactions, were employed.

15— : : 1 The mathématical formalism is based on the minimiza-
tion of direction-dépendent divergence. The methoduses
101 mathéematical statistics and inforrriatioﬁltheor"y. The
- minimum of the fanctional J(N, 5, @] = | N(V) In (N(V)aV
/ So(BE)a(E, V)dV) must be determined, where N denotes
0

the detector readings; o denotes the efficiency of the de-
tectors; and V denotes some parameter.

-
=]
—

The method can be employed in the form of an
iteration process which always converges to a unique,
positive solution. The method makes it possible to use
a rather large number of detectors and almost any num-
ber of energy intervals so that a good approximation of

E@(E),rel. units
<D

¥ a spectrum is obtained. Since inversion and subtraction
a5l opérations are not used in the comptitational algonthm,

‘ the transfer efféct of the errors of the initial data is
0 minimized.

The above set of detectors was used to study 15

wr spectra of several reactors and critical assembliés dif-

, fering in the number of transferred slow, moderate, and
4 fast neutrons. The most characteristic spectra are
0 shown in Fig.1." The error made in the reconstruction’

ot w0 1! ,,32” ,01. 0 w0 18 glev) of given spectra was determined in'the energy intervals
0.4 eV-10 keV, 10 keV-0. 5 MeV, 0.5-1.5'MeV, and 1.5-

ig. 1. R struction of ne A spéctrao
Fig Reconstructionof neutron spéctra of 10 MeV. The error was essentially below 10%."

(1) a uranium-—graphite réactor;, (2) a BR-5
reactor, (3)a Vinéa reactor, and (4) the fis- The errors made in reconstructing spectra in
sion neutrons behind a carbon shield. the presence of errors in the experimental data were

Translated from Atomnaya Energlya Vol. 35, No. 5, pp. 343-348, November, 1973. Original article
submitted December 28, 1972; abstract submitted June 20, 1973.

© 1974 Consultants Burcau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011.
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permLssmn of the publLsher A
copy of this article is available from the publisher for $15.00.
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calculated. It was shown that when the mean-square error amounts to +10% and has a normal distribution,
the maximum differential error of the reconstruction amounts to 10-15% above 10 keV, but is less than
26-28%. The corresponding averaged errors are two times smaller.

A NEUTRON SPECTROMETER ON THE BASIS OF
SPLITTING ISOTOPES '

T. V. Koroleva, K. K. Koshaeva, " ‘ UDC 539.125.164
and S. N. Kraitor h

In experiments which relate to modeling of reactor accidents, studies of the radiation conditions in
reactor sites and critical assemblies, and the calibration of individual neutron dosimeters, the effective -
neutron spectra must be measured and the accurate values of théir dosimetric characteristics must be
determined. The article describes the DISNEI neutron spectrometer based on splitting isotopes (the name
DISNEI is taken from the initial letters of the key words "splitting isotopes" and "neutron spectrometry").
The detectors comprise 2%U, 3%y + cd, 2%U + 1 g/cm?10B, ¥'Np, 20, and ¥S. The article describes
a method of treating track detectors of glass, the design of the spectrometer, and its calibration. In order
to determine both the néutron transfer and the neutron dose, a modified effective cross section method and
a threshold-energy method are used, which are more accurate than the usually employed method. The
DISNEI spectrometer makes it possible to measure both the transfer and the dose of neutrons having ener-
gies ranging from thermal energies to 10 MeV (measurement error 5-15%). The results were confirmed
‘in international comparisons of dosimetric systems for accidents in Oak Ridge (USA) in 1971,

The article outlines the results of measurements of neutron spectra in air and on the surface of a
phantom (measurements made on the fast-neutron pulsed reactors of the Joint Institute of Nuclear Re-
search and of the HPRR). The measurements on the fast-neutron pulsed reaétor were made in the colli-
mated extracted neutron beam which is practically free of secondary radiation. The transfer of all neu-
trons with energies above 0.4 eV on the front (relative to the active zone) surface.of the phantom is there-’
fore about 35 times greater than the neutron transfer on the rear surface. In the case of the HPRR reactor

' "in which measurements were made directly in the ex-
perimental hall behind a 12 cm plastic shield, the con-
siderable contribution of the scattered radiation in-

N . . creased the transfer of fast neutrons 7 times and that of
| . moderate neutrons 3 times. Figure 1 shows the neutron
spectrum of the HPRR reactor.

&N
=

-
N
T

~

(=3
T

Ways of increasing the accuracy of the spectro-
metric measurements were considered. In the case of
fast neutrons, the accuracy can be increased by intro-
ducing into the spectrometer detectors.with splitting 23 Pa
and 2%U isotopes. The measurement error of the spec-
—— . . tra and of the neutron dose can be reduced 3-4 times in
. ' the energy range 0.5-1.5 MeV. In the case of moderate-
R S i) L neutrons, the use of an additional ?**U + 0.08 g/cm® 1B

detector is proposed. A method is described for deter-.-
- mining the spectra of these neutrons which are approxi-
Fig. 1. Neutron spectrum of the HPRR re- mated by a step function of the form E™". It is shown that

S

S
T

@ (Lg ), (rel. units)
=

,“Q
&~
T

Y

o
N
T

0 1 L
02 07 10° 10 107 w03 104 107 10° E(ev)

actor (1) with a 12 cm plastic shield in air, in the case of a relative error of the detector readings of
(2) at the front, and (3) at the rear surfaces 2-5%, the error in the determination of the spectral ex-
of a phantom. _ _ : ponent 1 is less than 1-9% for 0.7 = n = 1.2,

Original article submitted December 28, 1972; abstract submitted June 20, 1973.
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ELECTROLYTIC PRODUCTION OF ALLOYS OF

URANIUM WITH NICKEL IN MOLTEN SODIUM
AND POTASSIUM CHLORIDES

G. N. Kazantsev,

and O. V. Skiba

'S.

P. Raspopin, UDC 621.039.59:621.3.035.45

Liquid alloys of uranium with nickel are prodﬁce.d by the electrolysis of molten chlorides of the alkali
and alkaline earth metals, containing oxygen-free chlorides of uranium, using metallic nickel as the cathode
at a temperature of 800-900°C [1-3].

The optimum conditions of electrolysis were detected accordmg to the results of measurements of
the cathode polarization of metalhc nickel, and were verified in experiments on the determination of the

0,9

08

N =
i) o

Current density, A/cm®
N
BNy

B 2% 32 40  48Nijar%
Fig.1. Dependence of compo-
sitions of a cathodic alloy of
uranium with nickel on the cur-
rent deunsity, °C: 1) 750; 2)
800; 3) 850; 4) 900.

composition of the liquid alloys of uranium with nickel obtained as a
function of the temperature, the cathodlc current density, and theuranium
trichloride concentration in the melt. The electrolysis of a salt melt
containing 10% by mass uranium was conducted until 5-6 g of a uranium
—nickel alloy, flowing from the cathode, was obtained, consuming 1.5-
2 A-h. The current strength should not exceed 4 A, since the nickel
cathode had a surface of up to 5 cm? immersed in the e_le»ct_rolyté.

By! comparing the results of measurements of the cathodic polari-
zation and current density at which uranium-nickel alloys could be ob-
tained in the liquid state, it was established that electrolysis can be
conducted with substantially larger current densities than those recom-
mended on .the basisof a study of polarization. = This indicates a trapping
by the alloy flowing from the cathode of fine crystals of metallic ura-

nium, formed on the surface of the cathode and then ass1m11ated by the
alloy. .

Thus, the most uranium-rich alloys are formed at the maximum
current density and substantial cathode potentials, corresponding to the

deposition of pure uranium. The linear dependences found (see Fig. 1)
-permit the selection of the conditions for the production of alloys with a

set composition or the determinationof the composition of an alloy under

se,t{«cond-i-t;ions Qf electrolysis .

-LITERATURE CITED

1. L. Niedrach and A. ‘Glamm, Industr. and Engng. .Chem., 48, 977 (1956).
2. L. Neidrach and A. Glamm J. Electrochem Soc., 103, 521 (1956)
3. L. Niedrach, Chem. Engng Progr , 2, 411 (1958).

Original article submitted January 23, 1973; abstract submitted April 25, 1973.
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TERNARY SYSTEMS OF LITHIUM CHLORIDE,; SODIUM
CHLORIDE, URANIUM TRICHLORIDE, AND

URANIUM TETRAFLUORIDE
V. N. Desyatnik, S. P. Raspopin, UDC 541.123.3:546.131,33.34:791.3.4
I. I. Trifonov, and A. M. Tsybizov

Melts containing uranium tetrachioride with additions of lithium chloride and sodium chloride, and
also uranium trichloride, can be used as electrolytes in electrolytic production or electrolytic refining of
uranium. But the lack of data on the behavior of uranium tetrafluoride in melts of alkali metals, when
uranium chlorides are present, is responsible for certain difficulties in the use of electrolytes of this type.
That is why a study was undertaken of LiCl1-UCl;~UF, and NaCl-UCl3—UF, systems by the differential
thermal analysis method, backed up to a partial extent by x-ray analysis. The results were that melts of
the system LiCl-UCl;—UF, form two eutectic points and two peritectic points (Fig. 1) upon crystallization.
The eutectic E, is characterized by the melting point 350 + 2°C, and corresponds to the composition LiCl
43 mole %, UCl, 25 mole %, and UF, 32 mole %. The eutectic E, corresponds to the composition LiCl 13
mole %, UCl, 34 mole %, and UF, 53 mole % and melts at 455+ 2°C. The melt of the peritectic point P,
crystallizes at 465 + 2°C and corresponds to the composition LiCl 14 mole %, UCl; 36 mole %, and UF,

50 mole %. At the peritectic point P,, a melt of the composition LiCl 25 mole %, UCl; 5 mole %, and UF,
70 mole % crystallizes at 600 = 2°C. A determination was made of the quasibinary section UCL;-LiCl - 2UF,,
which divides the teérnary system LiCl-UCl,—UF, into two secondary subsystems.

The primary crystallization surface of the ternary system NaCl-UCl;—UF, is represented by seven
fields (Fig. 2). The quasibinary section UCl;—3NaCl - 2UF, divides the system into two secondary subsys-
tems. Two eutectic points, two peritectic points, and a single "transitory" point were determined ia the
system. The eutectic point E; crystallizes at 415+ 2°C and corresponds to the system NaCl 34 mole %,
UCl, 21.5 mole %, and UF, 44.5 mole %. The eutectic E, crystdllizes at 430 = 2°C, corresponding to the
composition NaCl 55 mole %, UCl, 22.5 mole %, and UF, 22.5 mole %. The melts at the "transitory" point
are of composition NaCl 16 mole %, UC1 34 mole %, and UF, 50 mole % and crystallize at 530 + 2°C. At
point P, for the composition NaCl 42 mole %, UCl; 14 mole %, and UF, 44 mole %, crystallization takes
place by a four-phase peritectic reaction at 470 + 2°C. . -

The melt at point P;, of composition NaCl 36 mole %, UC13 24 mole %, and UF, 44 mole %, crystal-
lizes at 440 + 2°C. : :

v,

\ 2UCL-UF,
)\ 625

600 / 0
ua 40°c 675°C 625°C UF, NaCl 575°C 610°€ 565°C 660°C A
LiCl-20F, FNaCl-2UF,  NaCl-2UF,

Concentration (mole ‘_’/0) of components

Fig. 1. Melting point diagram of system

Concentration (mole %) of components

Fig. 2. Meltingpoint diagram of sys-
tem NaCl—UC13—-UF4.

Original article submitted February 8, 1973.
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NONSTATIONARY TRANSPORT OF NEUTRONS
IN A BLOCK OF MODERATOR CONTAINING A
LARGE CAVITY

K. D. Ilieva and M. V., Kazarnovskii UDC 539.125.52:621.039.51.12

We consider the transport of neutrons from a pulsed source in a spherical block of moderator of
thickness H containing a large spherical cavity of radius R. The residence time of a neutron in the moder-
ator is much shorter than the transit time in the cavity. It is assumed that: 1) the cross sections can be

taken as constants in treating neutron transport in the moderator; 2) the spectrum k(v) ( g k(v)dv = 1) of
the neutrons emerging from the moderator into the cavity does not depend on the spectrum of the incident
neutrons. Then the flux of neutrons emerging from the moderator into the cavity can be deseribed by the °
equation : -

o 1 -
NG, v, 0=k ) [ o { awr @ > v- (w0, t—_z—-) FE) K (L p) 6 (t—R),
[i] 0

where cos™!y is the angle of emission with respect to the inner surface of the moderator, v is the neutron
| velocity, t is the time, K(u' — y) is the flux of neutrons emerging at an angle cos_#u produced by a neu-

tron entering the moderator at the angle cos™'u'. In the one-velocity approximation K(u' — p) is given by
familiar formulas for the albedo problem.

It is shown that the neutron flux can be calculated with sufficient accuracy in the isotropic approxi-
mation, i.e., by assuming K(u' — u) = 2kyu, where k; is the average albedo. In this approximation the
flux of neutrons emerging from the moderator into the cavity is given by

- ‘ ;Zkop.zﬁe‘”" eB* . R Im{f(—=z)]e B*dzr
N~ v, By (;RGS[—1_4k01 (x)]m 5 ko Re [T (— )11 (4hp Im[l(—znw)

o { _ux .
" Here I{x) = g dvvae,‘””"s‘ dppe * for Refx] > 0, B = (t—R)/2R, and the sum of the residues is taken for Re[x;]
< 0. b b . '

An analysis of the expression given shows that a quasisteady neutron distribution is established in a
time 1 £ B € 4/x;, where x, is the root of the equation 1-4k(I(x) = 0 in the left half-plane which has the
’ i

smallest absolute value. This rootagrees closely'with the first root of the equation 12k, 5 pe PXqu = o,
0

which is a solution of the analogous problem in the one- ve1001ty approximation, The total neutron flux is
attenuated according to the law
: whozieB%s

N (W, B)=—200%12
ok B) 2R (ko1 —1)

At large times the attenuation will become nonexponentlal since slow neutrons accumulate in the
cavity. Then the total flux is given by
4kE 4! !
Ny D=0 o, B+ s { e — [+ 5 L aet 45;* SRS +Bs} e

The results of the calculation are compared with experimental data.

Original article submitted February 9, 1973; abstract submitted June 4, 1973.
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ASYMPTOTIC NEUTRON FLUX FROM A PULSED
SOURCE IN A MODERATOR WITH AN INFINITE
PLANE SLOT

K. D. Ilieva and M. V. Kazarnovskii - UDC 539.125.52:621.039.51.12

Using the method described earlier [1], and with the same approximations, we consider the transport
of neutrons in a system of two slabs of homogeneous moderator separated by a wide plane slot of width 2b
with an infinite uniformly distributed pulsed source in the plane of symmetry of the system.

In this arrangement the flux of neutrons emerging from the moderator into the cavity is described by
the equation’ :

)

N- a0y 9=k () de' Sde (W —> ) N- (p.’,u',t—%)—{—k(v)K(ps—)p)& (t—-ub—).

The notation is the same as in [1]. The analytical expression for the neutron flux in the isotropic one-
velocity approximation has the form - -

. ko (<1 [ oB*
N pprox W Bl=—~ (2‘ Res |71
1

x2eB% gz ' )
H

—a(z) Jx=xi + ko t1—Re |z (—x)]}2 4 (konz?)®

C 8oty

nln

a(c)=ko {e’x(i—z)—zz [0:5772-{— i —-(_ﬂri—]_zz In z} ,
n==1

where the sum of the residues is taken for Re [xj] < 0. In particular for asymptotically long times

2uky

N B) = g

It is shown that taking account of the energy dependence by'assuming a Maxwellian distribution of the neu-
trons emerging from the moderator into the cav1ty leads to exactly the same expression for the total neu-
tron flux as B = ..

Since as ¢ and p' — 0 in the one-velocity approximation Ku' — u) = u/(u + 1'), it would seem that
the anisotropy of the angular distribution should strongly affect the time dependence of the neutron flux in
the penetration of neutrons through a plane slot at glancing angles. However, taking account of this effect
for asymptotically long times makes only an insignificant change in the angular dependence of the flux of
emerging neutrons and does not affect its time dependence. - This is related to the fact that the main con- B
tribution to the asymptotic neutron ﬂux comes from neutrons which have passed through the slot only once
at a glancing angle.

Since one should expect the strongest effect of the energy and angular distributions of the emerging
neutrons on the time dependence of the total flux for asymptotically long times, the results obtained give us
confidence that direct numerical calculations of neutron fluxes for specific cases, in particular taking ac-
count of the finite size of the moderator, can be performed in the first approximation in the one-velocity
model and under the assumption of isotropy of the neutron flux emerging from the moderator.

N

LITERATURE CITED

1. K. D. Ilieva and M. V. Kazarnovskii, this issue p. 1029. Brief Communications on Physics [in
Russian], Vol. 3 (1973), p. 19. ) ’

Original article submitted March 20, 1973; abstract submitted June 4, 1973.
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PROPAGATION OF NEUTRONS IN AN
ANISOTROPIC MEDIUM*®*

A. S. Dolgov _ UDC 621.039.51.12:539.125.52

In certain cases the anisotropy of a medium of microscopic or macroscopic character leads to the
dependence of the mean free path on the direction of motion of a particle, which can be taken into account
by introducing anisotropic cross sections for the processes. We cousider an dnalytical solution of the
problem of the transport of isotropically diffusing particles with orientational inhomogeneity of the prop-
erties of the medium. The method used is related to the method of Fourier transforms and the method of
elementary solutions {1]. We find a solution of the problem for arbitrary boundary conditions and arbi-
trary geometry. Solutions in the corresponding limiting cases reduce to known solutions for a homogen-
eous medium. '

In the appendices we consider features of the application of the methods of spherical harmonics and
discrete ordinates to problems of trahsport in an anisotropic medium.

A general form of the equations of the P,-approximations of the method of lspherical harmon’ics is
established, and calculation relations 6f the method of discrete ordinates are found. It is explained that
unlike the method of spherical harmonics, the use of the method of discrete ordinates does not lead to a

significant increase in volume of calculations in comparison with the corresponding case for an isotropic
medium. '

LITERATURE CITED
1. K. Case, Ann. Phys., 9, 1 (1960).

THE APPLICABILITY OF PHENOLFORMALDEHYDE RESIN
AS AN INERT MATRIX FOR COMPARISON STANDARDS IN
ACTIVATION ANALYSISt

M. A. Kolomiitsev, T. S. Ambardanishvili, UDC 539.1.074.8
V. Yu. Dundua, T. Ya. Zakharina,
G. M. Gromova, and N. V. Pachuliya

Neutron activation analysis is widely employed at the present time in making determinations of miero-
elements in various materials. When neutron activation analysis of high resolving power semiconductor
detectors is put into practice, its instrumentation severely restricts the region of application of methods
based on prior radiochemical separation of the materials being studied. The construction of comparison
standards for neutron activation analysis which can be used to make a direct measurement of activity and
to record y-spectra after irradiation by high integral neutron fluxes of up to 10'° neutrons/cm? is there-
fore a problem of current interest. ‘

It is shown in the present work that the synthesis of phenolformaldehyde bakelite resin (PBR) under
the .special conditions in which contact of the monomers and catalyst (ammonia) with the glass is excluded
enables one to obtain a polymer with a low content of neutron-sensitive impurities which are activated
under the action of neutrons to form y-emitting isotopes. It was found that prior to the synthesis the monomers

*Original article submitted February 13, 1973.
tOriginal article submitted April 4, 1973.
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TABLE 1. Content of Adimixtures of Neu-

tron-Sensitive Elements in PBR

Element

pecific content of
element in the resin,

Amournt of ele~

ment contained

grams of element in a 50 mg

/grams of resin tablet, g
Sodium - 1.10-8 5.10-10
Chlorine 1.10-4 5.10-¢
Scandium 2.10-12 1.10-13
Iron 5.10°% 2,5.10~7
Cobalt . 2.10712 1.10-13
Zinc 5-10-11 2,5.10-12
Arsenic 4.10-8 2.10-9
Bromine 8.10-9 4.10-10
Silver 4.10-12 2.10°13
Tin 1-10-8 5.10-10
Antimony 7-10-11 3,5-10"12
Cesium 3.10-13 1,5.10-14
Gold 1.10-10 5.10~12

and catalyst must be purified by distillation in a quartz
dish, since the impurities present in them cannot be eli-
minated by subsequent reprecipitation of the PBR (the
metals are connected by phenol hydroxyls, but the bromine
enters into the composition of the bromophenols entering
the polycondensation together with the basic monomers).
The PBR obtained by a technique which has been developed
can be used as an inert matrix (activated weakly by neu-
trons) in the preparation of comparison standards for neu-
tron activation analysis. Phenolformaldehyde bakelite
resin forms actual solutions with many elements [1]. The
treatment of the compositions of the PBR element in the
tablet standard is not difficult. The tablets are radiation-
resistant to integral neutron fluxes -of up to ~10!? neutrons
/em? , and are mechanically stable. :

The content of admixed neutron-sensitive elements
in the PBR was measured by 1rrad1at1ng large samples of

the polymer (of up to 10-15 g) with 1ntegral neutron fluxes of ~10!? neutrons/cm?, and then analyzing the

y-spectra of these samples.
keV was used to record the spectra (see Table 1).

A germanium—lithium semiconductor detector.with a resolving power of 2.5

The high activation frequency of the matrix makes it possible to prepare on its base practically any

.standard for neutron activation analysis which is applicable for the direct measurement of activity. The

error in the measurement of the main isotope's activity is at most 1% in the worst case (where the photo-
peaks of the main element and the admixture are not resolved).

The authors wish to thank L. M. Mosulishvili and T. K. Tevziev for the help which they rendered.

1. T. S. Ambardanishvili et al.,
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LETTERS TO THE EDITOR

NEUTRON ACTIVATION ANALYSIS OF DINOSAUR
BONES FOR URANIUM, THORIUM, AND RARE
EARTH ELEMENTS

Zh. Ganzorig, T. Gun-Aazhav,* ' UDC 543.53
Sh. Gérbish,* O. Otgonsurén,

Zh. Sereeter * I Chadvraabal,*

and D. Chultem V ‘

The uranium content in dinosaur bones was 1nvest1gated earlier by recording the fragments of the
fission of 2357 with thermal neutrons [1], and also according to the y-radiation of the decay products of
2%y [2]. In this work we investigated the content of U, Th, rare earth elements (REE) in these bones by
the method of act1vat10n analys1s :

Activation w1th resonance neutrons permits a nondestructwe determination of uranium and thorium
in materials with a complex chemical cornpos1t1on [3]. Using this method, a quantitative analysis of U and
Th in dlnosaur bones was conducted on the IBR-30 reactor (United Institute of Nuclear Research). Figure
1 shows the y-spectra of a sample of bone and a- standard, measured under the same conditions. By a

-comparison of the areas of the corresponding peaks on these spectra we determined the concentration of

the elements to be analyzed which proved equal to: (2.2+0.2)- 10" and (1.7+0.5)-107 -4 g/g for U and Th,
respectively, in the investigated sarnples h

For an analysis for rare earth and other elements, the bone sample was irradiated on the thermal
channel of the reactor with a flux of 1.3- 1013 neutrons/cm?- sec for 5 min. Spectra a and' b (Fig. 2) were
measured two days after irradiation and correspond to a standard w1th a weight of 10 “e U and to the bone
sample.

On spectrum a the lvines of the products of the reactions 238U(n, v; B7) [4] and 235U(r1,‘ v) [5, 6] are
clearly visible (Table 1). '

On spectrum b these lines appear less distinctly on account of the large background of natural radio-
activity of the bone; the lines 658, 495, 773, 290 and 350 keV were masked by this background the lines
: ‘512, 556, and 743 keV, on the contrary, were more pro-

TABLE 1. Origin of the Peaks in the y- nounced than on the spectrum a, which is an indication of
Spectrum a . the presence of Sr and Zr in the ancient bones. The inten-
s1f10at10n of the lines 512 and 556 keV can be explained by
+ Isotopes Ey, keV the contribution from the reactlon 43r(n, y) and by the re-
/ - sult of the accumulation of the long-lived radlolsotope gy
235Np 106, 120, 240, 228, 278, 333 (28 years) in the bones. The intensification of the line
2;;}{ (|18r) - ggg © . 743 keV is due to the reaction ¥Zr(n, ), the cross-sec-
97Zr |- 99Mo 743 * tion of which is approximately equal to 0.1.b. The pres- |
iZE{ﬁf PTe . 132 ence of zirconium is evidenced by the appearance of a new
106R; (106Ru) ) ‘ line, 755 keV of ®Zr on spectrum b. Although this iso-
132Te (239N p) 228 X . 923 2
132] 773 tope is one of the fission products of 5, it can be as-
13:;(_4_135Xe(1351) ggg signed as the reaction product of 94Zr(n, v), since the line
143Ce ‘ _290, 350 : :

. *Co~workers of Mongolian State University, Ulan-Bator.

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 349-351, November, 1973. Original article
submitted August 22, 1972; revision submitted June 11, 1973.
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TABLE 2. Origin in the Peaks in the y-
Spectrum b ' '
107} ’
Isotopes Ey, keV
o Fission products 6f 25U
oy
A 9571 (65,2 days 725, 755
0’ S& 977r (17h) ¥ - TA3
ol € 99Mo (2,8 days) 373, 743, 73
S IR 103R (39,4 days) 495
N I 106Rh (106Ru, 1year) 512
1l itz & 1317 (8,1 days) . 365
S SIS 132] (132Te, 3,2 days) 668, 773
g RN R 140Ba (12,8 days) 132, 162, 304, 420, 435, 537
= © s 143Ce (1,4 days) ,
[3] 7.05 — -.MAA °
" a RN Products of the reacs
= -,
= J\ tion(n,?) -
§ - 45Sc (83,9 days) 889, 1120
2 $= . 59Fe (45,6 days) 1100, 1295
.3 = 80Co (5,5 years) 1175, 1333
8 R 140L,a (1,7 days) * 333, 435, 815, 867, 925,
S 4 S 1595 — 2me2, 1595 — meZ, 1595
AL - 141Ce (32,5 days) 147
2 2 U3Ce (1,4 days) 290, 350
S 147Nd (11,1.days) 537
By 152Eu (12,7 yeais) 350, 867, 965, 1086, 1110,
o 1274, 1407
= 15¢En (16 years) - 725, 1295
9 160Th (72,3 days) 197, 216, 299, 879, 965, 1175,
1274
103 175 (4,2 days) 290, 397
239Np (2,34 days) 106, 210, 228, 278, 333
"TABLE 3. Origin of the Peaks in the y-
Spectrum d
P I R N I L :
0 500 160
Channel no. Isotopes Ey kev
Fig. 1. vy-Spectra of dinosaur bone )
s o - 153Gd 97, 103 ,
(a) weighing 20 g and a standard (b) 2Ry | 123, 245, 296, 344, 367, 411, 444, 779, 867,

weighing 10 ug U + 100 pug Th, ir- 964, 1086, 1110, 1213, 12/4 1407,

; . 40K ,Sm 1 43K G

radiated with a flux of resonance 154Ey 123, 723, 998, 1005: 12957 1453 43K, Gd
. . s . 170Tn 4

protons. (Time of irradiation 2 toge 889, 1120

days, exposure 2 days, measure- 80Co 1173, 1333

ment 1 h.)

755 keV is ﬁot present in spéctrum a. The "disappearance" of two lines (250 and 530 keV) in spectrum a
is evidently due to the diffusion of xenon in the porous structure of the bone.

The standard of uranium contained Na and K, while their lines 315, 1522 keV for K and 857, 1368,
1732 keV for 2*Na on spectrum a served for internal calibration. It is evident that ancient bone contains '
much sodium and little potassium. The appearance of five lines of ¥La (333, 435, 485, 815, 1595 keV)
on spectrum b is evidence that the investigated samples contain a large amount of rare earth elements.
Spectra ¢ and d were measured for the detection of other rare earth elements (Tables 2 and 3) 15 and 400
days after irradiation, respectively [4, 7, 8]. Actually, these measurements show that ancient bones con-
tain not only U and Th, but also rare earth elements of the cerium and yttrium groups, including scandium.
This fact is evidence of the well-known geochemical correlation between the actinide and lanthanide ele-
ments. The joint presencé of all the detected elements in the bones (U, Th, REE, Sr, Zr, Na, Ba, Fe,
Co) may be associated with the phenomenon of polymorphism. - Therefore, an analysis of the ancient bone
for Li, Be, Mg, Al, Ca, Ti, Y, and Ni is of great interest.

Let us note that the analysis for the rare earth elements is only qualitative. The quantitative analy-
sis necessary for the detailed investigation of the nature and mechanism of the accumulation of these ele-
ments in bones requires their preliminary chemical separation [9]. This is due, in particular, to the fact
that isotopes of the most widespread REE (L3, 143ce) are formed not only asaresult of the (n, v) reaction,
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Spectrum of a sample of dinosaur bone irradiated with ther-

mal neutrons.

Fig. 2. v

but also in the reaction 3%U(n, f), as well-as the decay of fission products.

140Ba

The high intensity of the lines

of 97,3 on spectrum c is explained by the accumulation of this isotope as a result.of the decay of

(~12 days), formed with a large yield in the fission of uranium [10].
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ANALYSIS OF URANIUM AND THORIUM ORES
USING A GAMMA RAY SPECTROMETER WITH
A Ge(Li) DETECTOR

O. V. Gorbatyuk, E. M. Kadisov,

UDC 550.8:553.495:539.1.55:539.122.164
V. L. Miller, and V. L. Shashkin - ‘

Because of their high energy resolution, spectrometers with Ge(Li) detectors are widely used in the
analysis of radioactive ores by means of their y-ray spectra. In particular the character of the spectro-
grams of the y-radiation from ore samples (Figs. 1 and 2) permits the determination of the uranium, radi-
um, radon, and thorium contents from a single measurement. This is done by using characteristic lines
in the y-ray spectra of the elements being determined or their decay products in equilibrium with them.

The uranium content can be determined from the chara,cte"ristic y-ray lines accompanying the decay
of uranium itself (**U) or its decay products ***Th(UX,) and ?*Pa. Radium is determined by using the
single 186.2 keV line produced in the decay of 226Ra. Radon is determined from the intense y-ray lines
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Fig. 1. y-Ray spectrum of a specimen of pitchblende.

Translated from Atomnaya Energlya, Vol. 35, No. 5, pp. 352-355, November; 1973. Orlgmal artlcle

submitted August 22, 1972;

revision submitted May 29, 1973..
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Fig. 2. vy-Ray spectrum of a specimen of thorium in equ1hbr1um with its
decay products.

accompanying the decay of ¥Pb(RaB) or %*Bi(RaC). Thorium can be determined from the y-radiation of
208T1(ThC") or *2®Ac(MsThy). There are many intense lines in the y-ray spectra of these isotopes [1].

In choosing a line for determining an isotope it is neéessary to take account of the quantum yield of
this line, the efficiency of its recording, the background in its vicinity, and the contribution of unresolved
v-ray lines of other radioisotopes to the composite peak oa the spectrogram.

Table 1 shows the lines which are most convenient for determining the isotopes listed.

Let us consider one of the possible ways of making an independent determination of uranium and
radium in samples of uranium ore. Uranium is determined by using the 63.3 keV line of 2%Th which is
practically single. For a spectrometer resolution of 2 keV the contnbutlon to the peak of this line from
‘the main interfering isotope ?*'Pa is no more than 1% [2].

Since for the usual resolution of semiconductor spectrometers (2.5 keV in this region) the only 2%¥Ra
. line at 186.2 keV is merged with the 185.7 keV line of 235, the radium content of the sample is determined
after subtracting the uranium contribution to the composite spectrogram peak found from the 63 keV line.
It is assumed that the relative 2®*U and 2%*U contents in the ores are practically unchanged.

If the experimental conditions are such that the absorption of y-rays of a given energy in the sample
can be neglected, the area of the photopeak of the analytic line is proportional to the amount of y-radiation
of the isotopé. In this case the uranium content of the sample is given by

B qsn S8 Pst » : (1)
v jS_g[’ Pga ’
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TABLE 1. Main Analytic Lines in the vy~ where q%a and q%t are respectively the uranium content of
Ray Spectra of Radloactlve Ores the sample and of the standard; S& and Sf} are the areas

of the 63 keV photopeaks in the sample and in the standard;
Relative .. Pgq and Pgt are the weights of the sample and of the stan-
sizes of
dard.
photopeaks : -
Energy, keV ' Isoto pe  |frommea- ‘ The standard .can be a wel.l ana'lyzed san:lple of ura-
' surements nium ore. The radium content in units of equivalent ura-
witha 27 nium is given by ,
cm® Ge(Li) - } 518
detector ‘ _ i Sig:‘ Iis}. g8 (1—a) o
qRa = a i) ( )
Uranium series : L . . . .

6.3 | Uy (%Th) 046 - where a is the fraction of the radium y-radiation in the
186,2 - GRam 0,26 composite photopeak of the 186 keV U—Ra line for equilib-
A [ heB §m§,‘;} bt rium ore; SL¥ and SI¥f are the areas of the 186 keV photo-
609,19 | RaG (?14Bi) 0,60 peaks in the sample and in the standard.

1120,4 | RaC (214Bi) 0,10

It should be noted that the factor a is independent of
the detector efficiency, the sample composition, and the
condition_s of measurement.

Uranium-Actinium series
185,7 | 235U | 0,18

Thorium series

208 MsTh, (2Ac) 0.36 The error in the analyses is determined mainly by

583,14 | ThC” (28T1) 1,00 - the statistical error in the calculation of the area of the
909 MsTh, (228Ac) 0,49 .
960 MsThz (225¢) 043 photopeak above the background. For an appreciable

sample thickness the difference of the self-absorption of

the line in the sample and in the standard can introduce a
further error if the material composuzlon of the sample and standard are dlfferent In this case appropriate
corrections must be introduced. )

To determine radium by this method it is necessary to have as accurate a value as possible for the
relative contributions of uranium and radium (£, = 185.7 and 186.2 keV respectlvely) to the composite
photopeak (the factor a in Eq. (2)). .

Special measurements were performed to determine the contribution of radium radiation to the ccm-
posite peak. Then (~85 mg/cm? hermetically sealed. samples of equilibrium pltchblende and radium were
prepared. The y-ray spectra of these preparations were measured and calculations were made of the ratio
of the areas of the 186 keV peaks, normalized to one of the peaks, corresponding to the y-ray lines of Hipp

r 24Bj. As a result of some self-absorption of v-radiation in the samples the contribution of the radium
‘y—radxatlon to the composite peak turned out to be different for normalization to different lines, The final
value of this quantity was determined by extrapolating the values obtained with different normalization

TABLE 2. Resultsof Analysisof Ore Samples for Uranium and Radium

No. of samples *

1 2 3 4

Weight:of sample, g ’ | 384.1 30.1 31.2 35.6
U content in % from chemical analysis 0.609 0.270 0.220 | 0.396
No. pulses in photopeak of 63 keV line . 35620 1384 1073 2024
Background at 63 keV lines 10900 4514 3912 6742
U content in % at 63 keV lines, from Eq.(1) - 0,27+, 0.20+ 0.34¢

+0,02 £0.02 | #0.03 °
U content in % of equilibrium U by radiochemical )

analysis 0.609 0.240 0.200 0.376

No. pulses in photopeak of 186 keV line o 9260 | 3540 2947 5712
Background at 186 keV line 8020 2458 2240 3465
Ra content in % of equilibrium U by Eq.(2) - 0.26% 0.22+ | 0.384

£0.02 +0.02 | £0.03

®Sample 1 was taken as a standard.

1039

Declassified and Approved For Release 2013/01/22 - CIA-RDP10-02196‘R000400020005-4



Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4

peaks. The contribution of radium to the composite 186 keV peak is 0.592 + 0.005. The error 01ted is the
mean square €rror.

Four samples of uranium ore were analyzed. The measurements were made using a y-ray spectrom—
eter with a 27 cm® Ge(Li) detector. The energy resolution of the spectrometer at 186 keV was 2.2 keV.
The statistical error of determining the areas of the photopeaks did not exceed 6-7%. Self-absorption of
Y-rays.was neglected. The time to measure one sample was 60 min. The measured values show good
agreement with the results of chemical and radiochemical analyses (Table 2).

The possibility of separating the 186.2 keV line of 2*Ra from the 185.7 keV line of ?3%U is of interest

“from the point of view of independent determinations of uranium and radium. Since the handbook values of
the energies of these lines contradict one another special measurements were undertaken to refine the abso-
lute values and the energy difference. The measurements, performed by a method similar to the one de-
scribed in [3, 4], gave.the following results: the energy of the uranium line is 185.705+ 0.015 keV; the

energy of the radium line is 186.215+ 0.015keV. The difference is 510 + 20 eV. Recording these lines
' separately thus requires a spectrometer with a resolution of about 500 eV, i.e., a spectrometer based on
a Ge(Ll) detector with a cooled mternal preamphfler
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POSSIBILITIES OF DETERMINING URANIUM AND
‘RADIUM CONTENT OF ORES BY MEASURING
GAMMA RADIATION IN A BOREHOLE USING A
SPECTROMETER WITH A Ge(Li) DETECTOR

0. V. Gorbatyuk, E. M\. Kadisov, ' UDC 550.8:553.495:539.122.164
V. V. Miller, and S. G. Troitskii

- At the present time the first borehole y-ray spectrometers with Ge(Li) detectors are béing_ developed
to analyze radioactive ores under natural conditions.

The possibility of an independent determination of urdnium and radium from borehole measuremients
of the y-radiation from ore strata using spectrometers with Ge(Li) detectors was examined in [1, 2]. It
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Fig. 1. y-Ray spectrum from mbdel of a stratum of uranium ore with ra-
dium leached out (model 2). . Tyypqg = 60 min.

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 355-357, November, 1973 Orlgmal artlcle
submitted August 22, 1972; revision submitted May 29, 1973.
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Fig. 2. y-Ray spectrum from model of a stratum of equilibrium uranium ore
(model 1). Tmeas= 120 min. ' '

was proposed to determine the radium content of ore from the y-ray lines of the radon decay products
- 214Pb(RaB) and 2'Bi(RaC); the uranium content from the size of the 186 keV peak due to the 185.7 and 186.2

keV y-rays from %30 and **Ra respectively. The contribution of the radium y-radiation to the composite
peak is taken into account.

The radium and uranium content can be determined.by this method only for weak emanation of the ore
since the disturbance of equilibrium between radium and radon is neglected.

There is another possible way of making an independent determination of uranium and radium which
does not depend on weak emanation of the ore. In this method the uranium content is determined first from
the intensities of the y-ray lines from isotopes which are always in equilibrium with ?**U in ores, and then
the radium content from the size of the 186 keV peak, taking account of the contribution of the uranium %
radiation. In this case:the uranium and radium contents and the emanating power of the ore can be deter-
mined by comparing the intensities of the y-ray lines of **Pb or 2!4Bi and ***Ra. o

To study the possibility of such a procedure the y-ray spectra of three models of ore strata were
measured. The first model was a mixture of sand and ore concentrate of equilibrium uranium (0.05% U),
the second model was a mixture of sand and U0, with U in equilibrium with the short-lived deacy products
(0.3% U), and the third model was a mixture of sand and the salt Ba(Ra)SO, (0.316% Ra units of equilibrium
uranium). In all the models the bulk density of the material was 1.65 g/cm?® and the effective atomic num-~
ber was 13.36. The models with ore and radium salt were 40 X 40 X 50 cm and were hermetically sealed.
The measurements were performed in a borehole which penetrated into the center of the model parallel to

its long edge using a:spectrometer with a 27 cm_3 Ge(Li) detector having an energy resolution of 2.5 keV at
the 1.33 MeV %Co line. ' '

The lines of 2¥Th(UX,), ?®U(AcU), and ?**™Ppg gre clearly separatedin the sspectrum of the y-radiation
from model 2 (Fig. 1). The measurements in model 1 (Fig. 2) showed that for analytic purposes it is neces-
sary to use the 1001 keV line of **™Ppa since it is not masked by radiation from uranium decay products or
by scattered radiation in the spectrum of the ore stratum.

The absolute counting rate in the 1001'keV_phot0pea_k was 21 pulses/min for a ratio of peak height to
background of 0.67. The corresponding values for the composite 186 keV peak were 570 pulses/min and
0.56. The sensitivity of determining uranium from the 1001 keV peak was 4.2 pulses/min for 0.01% U.
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The threshold of sensitivity in the experiment was about 0.02% U for a 10 min measurement. The
threshold of seunsitivity was taken as that concentration of uranium for which the number of pulses recorded
in the peak was three times the mean square error in the determination of the background under the peak.

The content of radioactive isotopes was calculated by comparing the areas of thé corresponding peaks
in the spectra measured opposite the ore stratum and in the standard model with known uranium, radium,
and radon contents. In doing this the dependence of the detector efficiency on the y-ray energy is automati-
cally taken into account. ' :

To take account of the possibility of different absorption of y-radiation in the stratum and in the stan-
dard model the areas of the corresponding peaks were corrected by constructing a curve of the ratio of the
areas of the peaks of the y-ray lines of the radon decay products obtained by measurements opposite the .
ore stratum and in the model. The curve of the ratios extrapolated to 186 keV gives the correction factors
for the 1001 and the 186 keV peaks. ' '

The authors thank Yu. S. Shimelevich and V. L. Shashkin for helpful advice and a discussion of the
work. ' :

‘"LITERATURE CITED

1. Yu. F. Baryshev et al., Preprint 0IYal 18-5199, Dubna (1970).

2. P. Dumesnil and C. Andrieux, Industr. Atomiques, 14, 29-40 (1970).

-1043

Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4




Declassified and Approved For Release 2013/01/22 : CIA-RDP10-02196R000400020005-4

INVESTIGATION OF THE CHARACTERISTICS OF
LAVSAN TRACK DETECTORS

V. P. Koroleva, V. S. Samovarov, UDC 539.1.074.88
and L. A. Chernov ‘

Among solid track detectors used for the recording of fission fragments, the most widespread are

various types of glass and mica. The properties of these materials have been compreheuasively studied in

[1, 2]. However, in many experiments it is preferable to use a film of Lavsan (polyethylene terephthalate),

which has some advantages over glass and mice. Since it is strong and flexible, the film can take on any

configuration without introducing any appreciable disturbances into the neutron fluxes in the closely spaced
lattices of a nuclear reactor, whereas glass cannot always be bent to the desired shape and mica loses its
detecting properties when it is deformed, as a result of cracks. The uranium content of Lavsan is approx-
imately one-tenth that of glass and one-hundredth that of mica
) [3]. Consequently, for practical purposes, there is no back-
N ground of spontaneous or induced fission introduced by the
: film into the neutron flux.

In the study described in this report, we investigated
the detecting properties of transparent Lavsan films 15, 20,
and 35 u thick, produced in the Soviet Union. The irradiation
was carried out in a reactor, with the Lavsan mounted on
uranium metal foil 0.1 mm thick. After etching, the frag-
ment tracks were examined under an MIM-7 microscope at a
magnification of 130.

Figures la, b, and ¢ show the tracks of fragments from
the fission of a.layer of 2**U on Lavsan for various etching
times (for t, = 6 h we observe straight-through tracks).

In Figs. 2-4 we show how the dimensions of the tracks vary
with etching time (for two solvents), with solvent tempera-
ture, and with solvent concentration. The properties after

TABLE 1. Efficiency of Recording of Fis-
sion Fragments by Lavsan /

Thickness|Recording [Critical C e .
. - Factory of origin (in .
of Lavsan jefficiency, Jangle,
« | Moscow) N
7 o degrees
: - 15 95+4 | 3 |Kuskov
Fig. 1. Tracks of fragments from the gg ggfg “,} D°‘°§°m‘1°"-
fission of a layer of ?®U recorded on '

Lavsan for various etching times: a) 4h; — )
b) 6 h; ¢) 11 h. * The minimum angle between fragment trajectory .

and film surface for which tracks are recorded.

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 357-359, November, 1973. Original article
submitted November 9, 1972.
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Fig. 2. Dimensions of tracks of fragments from the fission of a layer of *3U as
a functionof etching time for various chemical solvents (T = 60°C, concentrations '
20 and 40% for curves land 2 respectxvely) ®, A) NaOH; O, A) KOH.

Fig. 3. Dimensions of tracks of fragments from the fission of a layer of 235U as
a functlon of the temperature of the KOH solvent at various concentrations (te

Fig. 4. Dimensions of tracks of fragments from the fission of a layer of ?¥U as

a function of the concentration of the KOH solvent at various temperatures (te
=1h): 1) 40°C; 2) 60°C; 3) 80°C

14 etching were found to be about the same for all the films we investi-
A1 gated, and the clearest picture of the tracks is obtained for the follow-
‘ 1 - ing etching conditions: solvent KOH, solvent concentration in water
W 30%, T = 60°C, teg = 4 h.

‘ The efficiency of recording of fission fragments by Lavsan when
12t it was mounted oun a source of fragments was determined by comparing
A - the number of tracks produced by the fragments on the Lavsan to the
fragment count obtained with a gold—silicon semiconductor counter
1= having 100% efficiency, which was confirmed by the spectrum of pulses
produced by the fission fragments. The fragment source used was a
specimen of 2°%Cf having an activity of 2.12+ 10* spontaneous fissions
T = A per hour; the specimen was 6 mm in diameter and was mounted on a
’ ’ ’ ' tantalum backing. The results for the etching conditions selected are
shown in Table 1, which also shows the mean-square error. The dif-
ferences in efficiency may be due to the process of manufacture of the
Lavsan.. ' o

Fission density,’ relative units

Fig. 5. Distributionof fission
density as a function of fuel-
element radius, as:measured
by means of Lavsan.
The energy threshold for the recording of the fragments was de-
termined by the method of slowing-down in aluminum foils of various
thicknesses placed between the source and the Lavsan. Making use of the relation between the path length

in aluminum and the energy of the fragments [4], we found that the fragment recordmg threshold for all
three types of film was approx1mate1y 8 MeV. »

As an example of the use of Lavsan in physics measurements, we may cons1der the distribution of
fission density as a function of fuel-element radius (Fig. 5), obtained on a critical assembly [5].. The
average point on the surface of the fuel element (r = R) was obtained by averaging the azimuthal distribu-
tion measured by means of a narrow strip of Lavsan wrapped around the fuel element half-way up its

height. Similar measurements using Lavsan are of special interest for nonuniform reactor lattices.
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STABILITY CONDITIONS FOR THE STEADY STATE OF
CONNECTED REACTORS

1]

N. A. Babkin and V. D. Goryachenko UDC 621.039.516

In the present paper sufficient conditions are determined for the stability "in the small" of a group
of an arbitrary number of different nuclear reactors for quite general assumptions concerning the form of .
the neutron interactions and the internal feedbacks within each reactor.

Our starting point is the theorem of Hadamard 1], aeccording to wh1ch the determinant A = det (aIJ)
is different from zero if - :

‘au|>2[alll i=1,...,n
JFi

We consider the determinant A(s) = det [zpll(s)], where the function ¥ij of tllle"complex variable s obeys
the inequality : ' .
{9 (s) [ > D) [;5(s)] for Res>0; i=1,...,n. R (1)
N . =
According to the theorem, the determinant A(s) cannot equal zero when Re s = 0;' consequently, all the
roots of the equation ‘

A (s)=det [hi5(s)] =0
have negative real parts.

The last equation can be considered as the characteristic equation of a multivariate linear dynamical
system with either lumped parameters, or a deviation argument, or with distributed parameters. For-
each of these cases in turn the function ¥ij(s) will be a polynomlal a quasipolynomial, or a function of s of
a more complex nature, respectively.

We use these results to obtain the stability conditions for the steady state of a group of reactors. We
restrict ourselves to the analysis of stability "in the small" and make use of the previously obtained [2]
form of the linearized dynamical equations of the group of reactors

] t M ' tA

ii;t—i=_— S (t—7) 2 (1) dT"‘Sé’z(t—T)zz (T)d":""B“zx-f-Z Hij [S(p,’j(t—‘r)zj(‘l:)dr—xi]; (2)
0 0 i=1 0
P=1, M i _

Here x; is the relative deviation of the power of the i-th reactor from its stationary level; Bjand I; are,
respectively, the delayed neutron source fraction and the neutron lifetime in the i-th reactor. The kernels
fi and gj respectively describe the internal feedbacks and the delayed neutron sources in the reactor with
index i; Hij is a positive constant proportlonal to the neutron coupling coefficient between the reactors with
indices i and j. The function @ij describes the distribution (in time) of the probability of transition of neu-
trons from the j-th to the i-th reactor. It is evident that

@iy (£) 32 0;. Sq>,-j(t)dt=1; i, j=1,...,M. - - (3
’ 0 . .

The characteristic equatioh of the system (2) is

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 359—360; November, 1973. Original article
submitted February 7, 1973.
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wy (s) - E nyy —RQp2(8) o —n Do (s)
FECH )
M
Disy=| —¥2Pa1(8) wa(s)+ Z Aog oo —KRom@ap (5) | g R 7}
()= a8 \
. . M-t
—%ar1Dary (5) —kars®p2 () .. wy (8)+ 2 £33,

where

v O =s+ 2+ Fi ()~ 61 )

and-®j;, Fj, and Gj are Laplace transformations of the functlons ¢ij, fj, and gj, respectwely Because of
the condltlons (3), the functions <1>1] satlsfy the 1nequa11t1es

[ @5 () <1 for Res> 034, j=1 .00y My o ®)
this is easily established directly from the definition of the Laplace transformation.

" We remark that when there is no interaction between the reactors (all njj = 0), Eq. (4) breaks up
into M mdependent equations '
wy (5)=0, ..., wp (5)=0,
each of which is a characteristic equation for an individual reactor isolated from the other reactors of the
group. .-
v The stability conditions for the group of reactors is formulated in the form of the following asser-
tion.

The solution of the system (2) is zero, and consequently the steady state of the group of reactors is
asymptotically stable if

Ro wi (9 >0 for Res>0; i=1, ..., M. , - ®
The proof of this assertion is established by dlrect ver1f1cat10n of the condition (1) for
'lpn—wt 3)"‘ 2 Xijs Pij= —%ijD;j(s);

1¢], i=1, ..., M.

Taking into account the conditions (5) and (6) we have

M

M .
I bii I—l/[ReWz () + 2 ) 2 %1z 33 wir| P ) 1= 3} 1w
=

i=t
i i=1, ..., M.~
Thus the inequalities (1) are satisfied. Consequéntly, when conditions (6) hold, Eq. (4) has no roots with
Res = 0. The assertion is therefore proven.*

The characteristics of the results obtained are as follows.

1. The conclusion concerning the location of the roots of the equatlon det [4j(s)] = 0 in the left half -
plane of s (when condition (1) is satisfied) is a direct generahzatlon of the sufflclent stability condition ob-
tained in {3] for a linear system with lumped parameters (m [3] zpl](s) = ajj = const; “$;;(s) = s + ajj;
= const).

aji

2. The stability conditions (6) are a direct generalization of those of [2], in which the analogous re-
sult for the particular case of two connected reactors was obtained by a different method. The stability of
a group of an arbitrary number of different reactors has not been considered in the literature.

_ 3. The stability conditions (6) were obtained for any physically realizable values of the coupling co-
efficients njj and arbitrary neutron interaction laws (satisfying the physically-required inequalities (3)).

* It is possible to allow the equality sign in conditions (6), but to stipulate that there are no zero roots of
Eqg. (4). This stipulation is quite natural, since the theory of stability in the small which we have used is
not applicable when there are zero roots. :
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4. The criterion (6)' is sufficient. It consists in the fulfillment of the sufficient conditions for stabil-
ity for each of the M reactors within the group of reactors.

5. The stability criterion is not excessively restrictive. It is less restrictive than the frequency
criterion of Velton for an individual reactor [2]. The proof of the condition (6) is s1mple with some re-
strictions it leads to the proof of the frequency conditions

Re w; (jw) >0 forall @3>0

for each reactor of the group of reactors.
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THE ROLE OF THE ACCOMMODATION COEFFICIENT
IN CONTACT HEAT EXCHANGE

V. V. Kharitonov, L. S. Kokorev, UDC 621.039.517.5
_and N. N. Deél'vin S o

The simplest estimate of the heat conduction @ through a layer 6 shows that the magnitude of « is di-
rectly proportional to the thermal conductivity A of the layer: '

Y . o ' - ' (1),

However, on the basis of the results analyzed in [1], of bench

= oL - : experiments and in-reactor experiments, we drew an unex-
- oa "1 e pected, in our view, conclusion: the conduction of the gap be-
- “a e ® o _ tween the fuel and the jacket in the fuel elements is indepen-
- °-§§M o Kr dent of the composition of the gas mixture inside the jacket.
B Ly It also proves to be unjustified to assume that there is a de-
- o “8aasr terioration in the working characteristics owing to the chang-
' ing composition of the gas during operation of the fuel elements
o [1].
r . B
» ¢ gane We attempt to explain these results by the features of the
B it fﬁw_\g E,Mé‘ﬁ _  interaction of the gas with the walls of the gap.
B o He The length of the temperature jump at the gas—solid
3 o boundary [2] is a quantity of order
'y ‘f 8~/ (2)
2.01 111wt L1 1raiin e~ UL,
7] 100 , 1000 where [ is the mean free path of the gas molecule; ¢ is the |
. Gas temperature, 'K , coefficient of accommodation, characterizing the mean frac-
Fig. 1. Temperature dependence of tion of energy exchanged during a single collision between' the
quantity £ of inert gases on pure tung- gas and the solid at the boundary. Thus, for helium at normal-
sten surfaces. ‘ . pressure and temperature 1000°C the quantity I = 1pu. If

TABLE 1. Heat Conduction (3) of Gas Gaps at T = 500°K,
Pressure 0.1 atm, and 6¢/6 > 1.

Gas,in gap He Ne Ar Kr Xe Wall material
EN, mw/(m -deg) 4,61 3,2 | 4,0 |'3,4 | 4,1 |Pure tungsten®
o, kw/(m -deg) 1,5 12,0 3,429 |4,0 ¥

0,82 |Platinum with gas -
6 adsorbed onthe
5 }surface

EX, mW/(m-deg) | 0,20 0,47| 0,72] 0
a, kW/( mP-deg) |40 |30 [16 9
, 8,5 114 {11 6

*The quantity ¢ is taken from Fig. 1,
T The quantity £ is taken from [4]:

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 360 361, November 1973 Original article
submitted February 9, 1973.
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¢ = 0.01, then §; = 0.1 mm. If 6¢ exceeds the mean thickness of the gas gap &, the heat conduction of the
latter can be estimated in the first approxunatlon by the expression

o == Bl .. : (3)

instead of (1). Tt is known that the coefficient of thermal conduct1v1ty of gases is 1nverse1y proportmnal to
their atomic weight m; the ratio A/ ~ 1/¥Ym. :

The quantity ¢ depends on the properties of .the gas and the so_lid, and also on the parameters of -
their atomic interaction. Figure 1 shows the temperature dependence of the coefficient of accommodation
of inert gases on pure tungsten surfaces, constructed on the basis of experimental data of different authors
from [3].* As can be seen from Fig. 1, the value of ¢, unlike the coefficient of thermal conductivity of
gases, increases for increasing atomic weight of the gas. This holds both for pure and also for contaml—
nated surfaces of solids (see Table 1).

Thus, the accommodation coefficients of different gases on the given surface for the same tempera-
ture are inversely related to their coefficients of thermal conductivity.. As a result of this the heat con-
duction (3) of the gas gaps, the thickness of which is no greater than the length (2) of the temperature
jump, depends weakly on the nature of the gas (see Table 1). The transport of part of the heat by radiation
and through the point of direct contact of the fuel with the jacket makes this dependence even weaker. From
Table 1 it follows that for Knudsen numbers (I/8) of the order of or greater than unity the heat conduction
of xenon in the gap, formed by pure surfaces of heavy metals, can slightly exceed the conduction of the gap
with helium, although the thermal conductivity of the latter is thirty times gredter than for xenon.
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*QOn surfaces of uranium-containing compounds the quantity £ should ev1dent1y be close to these values
(see, for example, [1]).
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FLUIDIZED OXIDATIVE DISAGGREGATION OF
PELLETIZED NUCLEAR FUEL

A. T. Ageenkov, V. F. Savel'ev, ' o UDC 621.039.54
. E. M. Valuev, N. A, Nllov, ‘

E. N. Gal'perin, and E. Rybakov

Predispersal of nuclear fuel as a result of oxidation of uranium dioxide to uranyl uranate (mixed
uranous—uranic oxide, UsOq) opens the way for more advantageous use of the advantages of fluidized-bed
fluorinators [1-5]. This accounts for the search for an optimum-design fluidized-bed reactor and basic
parameters of a process involving oxidative breakdown of pelletized nuclear fuel for power reactor fuel
elements. The characteristics of the uranium dioxide employed in the work are listed in Table 1. The
inert packing employed in the fluidized-bed fluorinator was aluminum oxide 100 p mesh and 500 u mesh.

Several models of fluidized-bed fluorinators (see Fig. 1) were tested with a view to arriving at a
suitable reactor design for stable fluidization of a mixture of uranyl uranate and inert packing, taking ad-
vantage of the developed contact surface of the fuel pellets in the fluidized bed, and for eliminating any pos-
sibility of stagnant pockets forming in the reactor.

The tests revealed that, when no nuclear fuel is loaded, stable fluidization of ‘the inert packing is
achieved at a gas . flowspeed of 0.03 to 0.05 m/sec and 0.15 to 0.20 m/sec, for mesh sizes 100 p and 500 u,
respectively. . v

} b } b
Fig. 1. Models of fluidized-bed fluorinatorstested: 1) UO,
pellets rest on gas distributor grid, loading chute located
outside fluidized bed zone; II) UO, pellets rest on elevated
support grid, loading chute located outside fluidized bed
zone; III) UO, pellets stacked up on support grid, loading
chute located in interior of fluidized bed; IV) UO, pellets
accommodated within slotted-grid oxidizing basket; 1) gas
distributor grid; 2) elevated support grid; 3) UO, pellets;
4) fluidized bed; 5) loading chute; 6) oxidizing basket.

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 362-363, November, 1973. Original article
submltted April 12, 1973.
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F1g 2. Products of oxidative dlsaggre—
gation: a)originalUO,pellets; b) inter-

TABLE 1. Characteristics of Original Ura--
nium Dioxide = .

Granulometic composi= |Mean
’ tion ~ |bulk den-
Shape : sity,
. amount, g/cms
size, mm - |y
Pellets Diameter 12 - .
Height20-25 10% s 5,-;8
—4 42 46, 6,
Lmps |1 D23 30,0
—1- 23,5
Pellets after ther- +6 29,0 6,70
maldecladdingof —6 41 45,0 .
fuelelements —1 26,0

The way the uranium dioxide pellets are loaded into the
reactor seriously affects the progress of fluidization of the
packing in the reactor. Contact between the fluidized packing
and the impinging uranium dioxide pelliets is minimal in re-
actor models I-III. The fluidized packing is located outside
the layer of fuel pellets in model II." The fluidized bed is
separated into two distinct zones in models II and III: 1ayers
of UO, pellets are found at the top and at the bottom. Ac-
cumulations of sluggishly moving aluminum oxide powder,
and voids alternately, are observed between the pellets with-

mediate product; ¢) powderyuranylura-
nate end product. : in the uranium dioxide layer. In the type IV reactor, more
homogeneous fluidization is achieved through the reactor
volume, including in the layer of UO, pellets. Circulation of inert packing powder through the free space
between pellets lodged in the oxidizing basket was reported. Subsequent investigations were staged in a
type IV fluidized-bed reactor made from Kh18N10T, as a 100 mm diameter model. The oxidizing basket

was made from steel rods spaced 3 to 5 mm apart.

At first welghed port1ons of 200 to 500 g uranium dioxide each were oxidized in air under the opti-
mum fluidization conditions arrived at in the experiment. Complete breakdown of the compact uranium
dioxide resulted at temperatures 420-450°C within 15 min, culminating in the 'formation of a finely dis-
persed uranyl uranate mixture uniformly distributed throughout the inert packing. While the experiment
was in progress, some of the uranyl uranate formed was carried out of the reactor, entrained in the gas
stream, to the filter. The dependence of the rate of breakdown of the UO, pellets and the rate of entrain-
ment of the U30q formed, on the content of the material in the fluidized bed, for A1203 sized 100 pn, is ex-
pressed by the equations

Voxid =2540.6e7%02C;
Vener =0.0032 C2—0.008C,
where Voxiq is the rate of oxidative disaggregation of the U02 pellets, in g/dm?® -min, .Ventr is the rate of

U404 entrainment out of the fluidized-bed reactor, in g/dm -min, and C is the U40; concentration in the
fluidized bed, in wt.% (from 3 to 35%).

It was shown that when the inert packing becomes saturated higher than 30-40% with uranyl uranate,

" the mixture becomes recalcitrant to fluidization, begins to cake up, and moves only sluggishly.

In subsequent experiments using weighed portions of UO, up to 10 kg, oxidative breakdown of the
uranium dioxide was carried out to the point where not more than 35% of the U Og accumulated within-the
inert packing, after which pneumatic conveying was resorted to to move the mixture forming off to the
oxidized product collector. The gas was scrubbed on a cermet filter of pore size 3-5p.

We infer from the experimental data and from analysis of the end product in the experiments that
complete disaggregation of the fuel was achieved in all the experiments using pellets and lumps of uranium
dioxide at temperatures 450-500°C. It was found that an increase in the size of the inert packing material
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from 100 to 500 u exerted a positive stabilizing effect on the oxidative i)rocess. In that case the process of
abrasive stripping of the uranyl uranate from the surface of the uranium dioxide pellets and removal of the
uranyl uranate from the oxidation reaction zone to the fluidized bed becomes intensified. The U0, pellets
feature a rounded shape (see Fig. 2) in the intermediate stage of oxidation.

The dlsaggregatlon of the uranium dioxide following thermal decladding of the fuel elements also
goes to completion to a rather great extent (99.7 to 99.8%). But the admixture of structural material from
the cladding (0.5 to 0.7 wt.%) lends some special features to the process. First to break down are pellets
containing no components derived from the cladding. Next follows oxidation of the remaining material,
which includes partially collapsed UO, pellets with admixtures of zirconium, iron, and so forth. It is to

" be noted that particles of the fuel-element cladding material in amounts up to 70 g per 10 kg of oxidized
nuclear fuel remain in the reactor after the mixture of uranyl uranate and aluminum oxide has been swept
out by pneumatic conveying, i.e., there is some additional removal of impurities from the uranium.

Several batches of the resulting mixture of inert packing filler and uranyl uranate were fluorinated in
the fluidized-bed fluorinator. Virtually complete conversion of the uranium to hexafluoride was achieved.
The degree of fluorination of the inert filler and aluminum oxide was less than 1%, wh1ch made it possible
to recycle the mixture through the oxidation—fluorination cycle
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RADIATION EFFECTS IN CESIUM IODIDE SINGLE
CRYSTALS ACTIVATED BY THALLIUM -UNDER

GAMMA RADIATION

I. A. Berezin, V. M. Gorbachev, : UDC 539.1.074.3
V. V. Kuzyanov, I. N. Sten'gach,
and N. A. Uvarov

When thallium-activated single crystals of cesium iodide used for recording y-rays are exposed to
significant doses of penetrating radiation, there is an appreciable increase in the number of crystal defects
that produce coloring and a change in the light yield and luminescence spectra of the crystal [1-3]; this
may, in turn, change the y-ray recording efficiency. ‘ ,

In the study presented here we investigated the luminescence spectra and light yield of CsI(T1) crys-
tals as functions of the y-ray dose up to 10 Mrad, the recovery of the scintillation properties of single
crystals during storage, the variation of the degree of radiation damage to the crystals as a function of
thallium content, and the influence-of prior heat treatment on increased radiation stability in a scintillator.

In our investigations we used the breméstrahlung of electrons from a linear accelerator (electron
energy approximately 15 MeV, current approximately 30 pA [4]) and y-quanta from a cobalt gun (y-quanta
from %Co, Ey =1.27 MeV and 1.33 MeV), In the first case the irradiated specimens of CsI(Tl) crystals
were placed at a distance of 20 cm from the lead target of the accelerator. The absorbed y-ray dose rate
at this point, as measured by an vair-equivalent chamber, was 2.5°10° rad/sec. The irradiation doses

reached values as high as 10 Mrad. The cobalt gun was used

""" . for investigating the effect of doses of less than 3-10° rad
on the crystals. In this case the y-ray doses were deter-
701~ S~ mined by means of glass dosimeters.
\ ' .
60’_ v ‘/'l,--~-.{\. The variation in the integral light yield of the CsI(T1)
' I/ “\ crystals during the irradiation process was recorded by a
S0k i/ \-.;\. photoelement with an antimony—cesium cathode, type FEK—
2 ‘I./' ‘ /"“'\‘ N\ 12 [5]. Only the scintillator was placed in the zone of the
g b ‘/./}/ -\ ‘."\ 6 beam of bremsstrahlung quanta emanating from the lead
v R/ 7 \ \.\ \."{ 5 target. Through an air-filled light guide with reflecting
E ol //// ‘\'\ \‘;( . walls, the light of the luminescence reached the photoele-
2 /4 ' ment, which was shielded by lead against scattered radiation.
ol Y The current in the photoelement, proportional to the light
yield of the crystal, was recorded by means of an-electro-
wh metric amplifier. ‘
The luminescence spectra of the crystals were mea-

0450 500 L5 600 650 700 750 X nm sured by means of an ISP-51 spectrograph with an FEP-1

Fig. 1. Luminescence spectraof crys-
tal A-197-69 after y-ray irradiation: 1)
before irradiation; 2-6) after irradia-
tion with doses of 24, 100, 134, 260, and
380 krad, respectively.

. photoelectric attachment before and after the irradiation.

The crystals were placed in front of the entry slit of the
spectrograph. The luminescence of the crystals was excited
by means of ultraviolet light from an SVDSh-250 mercury
lamp with an ultraviolet light filter. The intensity of the

Translated from Atomnaya Energiya, Vol. 35, No. 5, pp. 364-366. November, 1973. Original article

submitted April 25, 1973.
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Fig. 2. Variation in light yield of crystal A-460-69 as a functionof y-ray dose:
1) without annealing; 2) after first annealing (150°C, 14 h); 3) after second an-
nealing (400°C, 30 h); 4) after fourth annealing (400°C, 70 h); 5) level of
luminescence intensity without radiation damage.

Fig. 3. Luminescence spectra of crystal A-460-69 (y-ray dose 10 Mrad): 1)
unirradiated specimen; 2) specinien irradiated before annealing; 3) specimen
irradiated after first annealing (400°C, 3 h); 4) specimen irradiated after
second annealing (400°C, 6 h). ‘

luminescence was recorded with an FEU-22 photomultiplier.

In our study we.used single crystals of cesium iodide activated thallium. Before the measurements
the specimens were taken out of the containers in which they had been packed at the factory. The end faces
of the crystals were polished. In a number of cases, especially for prolonged measurements, the speci-
mens were sawed into two pieces; one was exposed to radiation, while the other was used as a control
specimen. :

 We investigated 13 CsI(T1) crystals, which had been produced between the years 1956 and 1969,

Figure 1 shows the luminescence spectra of CsI(T1) crystals after irradiation with various doses of #'Co
v-rays ranging from 24-10° rad to 4-10° rad

The spectra of the unirradiated crystals cover a w1de range of wavelengths and have a broad peak
at 480-550 nm, with a smooth decrease in intensity toward the short-wave and long-wave regions. After
irradiation, the spectrum showed a second maximum in the neighborhood of 620 nm; the intensity of this

maximum at first increases rapidly with 1ncreas1ng dose of absorbed radiation but then becomes stabilized
and approaches a limit. : '

After the single crystals have been irradiated with a dose of 10° rad, the intensity of their lumines-
cence in the orange and red parts of the spectrum increases considerably, while it decreases somewhat in
the blue and violet regions. The pattern of increased luminescence intensity in the 550-700 nm region dif-
fers with crystals of different years of manufacture. In crystals dating from 1956 the increase factor is
no more than 1.3-1.5, whereas in crystals dating from 1969 the increase factor reaches values of 3-10.

This indicates that crystals which have been stored for a long time are less affected by radiation.

The radiation effects produced in CsI(T1) crystals depend to a large extent on the thallium content of
the specimen. The data on thallium content* were compared with data on changes in the spectral compo-
sition of the luminescence from the crystals when exposed to y-radiation. The criterion for the estimate

*The thallium content of 10 CsI(T1) crystai specimens manufactured during the years 1956-1969 was de-
termined by spectral analysis.
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of radiation effects was taken to be the ratio of luminescence intensity in the orange region of the spectrum
(A = 620 nm) before and after irradiation: B = LY(A =620 nm)/IO(x = 620 nm). In crystals manufactured in a
given year the radiation effects are stronger when the thallium concentration is higher. Thus, when a ra-
diation dose of 3-10% rad was applied to single crystals manufactured in 1969 and having thallium concen-
trations of 0.014%, 0.020%, 0.029%, and 0.037%, the ratio of intensities in the 620 nm region was 1.7, 2.5,
3.2, and 5.2, respectively, When the same dose was applied to crystals manufactured in earlier years, a
similar change in intensity corresponded to higher concentrations (for example, crystal B-87-56, manu-
factured in 1956 and having a thallium concentration of 0.078%, changed in intensity in the 620 nm region
by a factor of only 1.8). '

Typical characteristics for the change in integral light yield of a crystal, as recorded by a photo-
element with an antimony—cesium cathode, are shown in Fig. 2. As a rule, the light yield of the scintil-
lator decreases continuously as the integral dose of radiation increases. For an integral dose greater
than 5 Mrad, the light-yield level for most crystals stabilizes at a value of 30-40% of the initial values for
crystals manufactured in 1969 and 60-70% for crystals manufactured in 1956.

The dispersion of the optical characteristics of the crystals when acted upon by y-rays is very sig-
nificant and is apparently determined by the manufacturing tolerances and storage times of the crystals.
The degree of radiation damage depends only slightly on the size of the scintillator, and this indicates that
the change in the spectrum and the light yield is caused primarily by a change in the character of the
luminescence, not by poor transparency to the crystal's own radiation.

When the CsI(Tl) crystals are stored at room temperature, they are less strongly colored, and the
radiation spectrum approaches the spectrum for the unirradiated specimens. However, restoration of the
colored crystals is slow, and even when a month has passed after the irradiation, the initial properties are
not completely restored. The process of color loss by the crystals is considerably accelerated if the tem~
perature is increased. Thus, heating irradiated crystals for 1 h at 150°C completely restores their orig-
inal color and their original luminescence spectrum. '

When irradiated crystals of CsI(T1) were annealed for a prolonged period, we observed a decrease
in the effects produced by the radiation in the crystals. For investigation purposes, we cut the crystals
into two parts: one was irradiated without prior annealing, the other was irradiated after annealing at
150°C or 400°C for various lengths of time ranging up fo 70 h.

In all cases investigated, prior annealing of CsI(T1) crystals brought an increase in their radiation
stability, i.e., a smaller change in the-spectral composition and light yield of the luminescence after
irradiation with a dose of approximately 10 Mrad (Fig. 3). As the temperature and duration of the anneal-
ing was increased, an increase was observed in the radiation stability of the crystals. Thus, when a dose
of 10 Mrad was applied to crystal A-460- 69 before annealing, its integral light yield changed by a factor of
2.8. After the crystal had been annealed for 70 h at 400°C, the same dose reduced the light yield by only
10%.

The increase in the radiation stability of CsI(T1) crystals after heat treatment can be clearly seen
from the example of specimen A-273-69. The luminescence spectrum of this crystal before heat treat-
ment was sharply changed even by exposure to ultraviolet rays. After annealing the luminescence intensity
remained unchanged upon prolonged irradiation with ultraviolet light, and the amount of change produced
in the spectrum by y-rays became much smaller.

Heat treatment orders the structure in the crystal lattice and consequently reduces the probability of
formation of coloring centers. X-ray investigations [6] confirmed that annealing improves the structure of
the crystal. The fact that the radiation effects are less conspicuous in the 1956 crystals than in crystals

. produced in recent years is attributable to the fact that during a 15 year period of storage the process of
structural improvement progressed to a con51derable extent even at room temperature.

The effects noted in this article must be taken into account when radlometrlc studies are conducted
"in high-intensity y-ray fields.
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POS‘ITRON SPECTRA GENERATED BY BREMSSTRAHLUNG
WITH ENERGIES UP TO 800 MeV

G. V. Potemkin and S. A. Vorob'ev . UDC. 539.124.6

In the majority of cases, positrons are obtained by conversion of a beam of high energy electrons in
a linear accelerator [1, 2] or in a synchrotron [3, 4], using a material of high atomic number for the con-
verter. When there is no extracted electron beam, positrons can be obtained by conversion of a beam of
bremsstrahlung from a synchrotron [5-7]. The positron beam obtained in this way has a comparatlvely
long radiation pulse time, which permits the study of the interaction of positrons with matter. In order to
determine the parameters of such beams (parameters such as the positron energy distribution and the opti-
mal converter thickness), studies of the conversion of bremsstrahlung into high energy positrons were con-
ducted at the " Slr1us“ synchrotron of the Tomsk Polytechmcal Institute; the results obtained are presented
below.

Figure 1 gives a diagram of the layout of the experimental apparatus. A beam of bremsstrahlung,
generated on an internal synchrotron target T (0.4 mm tantalum), is shaped by two collimators K; and K,
(the hole diameters are 24 and 10 mm, respectively) and is cleansed of charged particles by the magnet
OM of the type SP-58-01 with an interpolar gap of 50 mm and a magnetic field intensity in the gap of 30
kG. The narrow bremsstrahlung beam falls on the converter, situated in the analyzing magnet AM. - The
diameter of the bremsstrahlung beam is 17 mm at the converter, with a dispersion angle of the order of
0.8 mrad. - The energy analysis of the positrons generated in the converter is performed with a magnetic
spectrometer analogous to the electromagnet of the type SP-57-A-1 with triangular poles [8].

The positrons exiting from the magnetic spectrometer are recorded by a telescope of scintillation
detectors C, and C, activated on coincidence. The scintillators used are plates of scintillation plastic with
dimensions 20 X 100 X 10 and 50 X 100 X 10 mm. The beam of bremsstrahlung is monitored by the "trans-
parent" ionization chamber M, calibratéd by the Gauss photometer Q. The spectrum of synchrotron
bremsstrahlung, measured by the pair mdgnetic y-spectrometer, agrees well with the spectrum of Schiff
[9]. Using the "transparent" ionization chamber, the number of equivalent Y-quanta of the beam of brems-
strahlung was determined; this number was held constant in each series of measurements, and was Nyeg
= 0.72 X 10° for Eymay = 800 MeV, and Nygq = 1.22 X10° for Eypax = 500 MeV.

The energy dependence of the yield of positrons was measured for various thicknesses of Cu and Pb
converters at zero angle relative to the direction of the bremsstrahlung beam incident on the target. The
error of the measurement did not exceed 10 to 12%. The shape of the distribution curve is similar to the
analogous curyves for the energy dependence of electron—positron conversion [10], and differs only in a
steeper fall-off on the decreasing side.

< On the basis of the experimental number of equiv-
e alent y-quanta determined, and the energy distribution of
//]/ _ positrons, it is possible to find the conversion coefficient
] =] " . ] of bremsstrahlung to positrons
' } N (E, _
,_3 725m J75m : K (E+)=Tec§_8—E);§ MeV-sterad™L,
26m
Here 6 = lo/h¢ is the relative energy resolution of the
Fig. 1. Diagram of the experiment. magnetic spectrometer; thisisdeterminedby the horizontal

Translated from Atomnaya Energlya Vol. 35, No. 5, pp. 366-38, November, 1973. Original article
subm1tted May 25, 1973.
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Fig. 2. Dependence of the conversion coefficient on the positron energy for Evymax = 800 MéV
and for a Cu converter: 1) 0.82 Xo; 2) 1.64 X 3) 2.0 X,.

Fig. 3. Dependence of the conversion coefficient on the positron energy for a Pb converter.
For Eymax = 800 MeV: 1) 1.0 Xg; 2) 0.5 Xp; 3) 3.75 X;. For Eymax = 500 MeV: 4) 1.0 X,.

dimensions of the image, if the width of the counter l, is greater than the horizontal dimensions of the
image. The dispersion hg of the spectrometer is

he=R (1 —cos ®) -1, [sin G (1—cos D) tg &,],

where R = 163.5.cm is the radius of the trajectory of the particles in the magnetic field of the spectrom-
eter; @ = 38° is the angle of deflection of the particles; &, = 71° is the exit angle of the positrons from the
magnetic field of the spectrometer; {1, = 100.7 is the width of the scintillator of the first counter of the tele-
scope. The luminosity of the spectrometer is given by :

Q= 40&01;6,

where o = 1-107% rad and Yo = 1-107% rad are the maximum horizontal and vertical capture angles, re-
spectively.

Figure 2 presents the dependence of the coefficient of conversion on the energy of the positrons for
Eymax = 800 MeV,. for Cu converters of various thicknesses. Figure 3 presents the same dependence for
a Pb converter-for Eymax = 500 and 800 MeV. A pronounced decrease in the coefficient of conversion is

" observed in the distributions obtained when E, < 100 MeV; this is caused by multiple scattering of the
positrons in the material of the converter. Multiple scattering also leads to a relative increase in the high
energy component of the positron energy spectrum when the thickness of the converter is increased.

It follows from the energy distributions obtained that the maximum coefficient of conversion lies in
the range of positron energies E; < 0.24 E'Y max for thicknesses of the converter close to optimal.

In order to determine the optimal thickness, the dependence of the total coefficient of conversion (ob-
tained by integration by computing the area under the corresponding curves for K(E,) on the thickness of
the converter was obtained. The resultant distribution was of the "cascade type" with a maximum near
topt ® 1.0 X;. For an optimal Cu converter the total conversion coefficient is larger for Eymax = 800
MeV than it is for Eymax = 500 MeV. This agrees with the rule obtained earlier for the total optimal co-
efficient of conversion, which, for electron—positron conversion, has a linear character in the region of
high energy [11]. However, an increase in the maximum energy of the bremsstrahlung quanta does not
lead to a significant increase in the yield of positrons with energies near the maximum in the spectrum of
the conversion coefficient. In general, the selection of the thickness and material of the converter should

“be determined by the conditions and intended use of the beam of positrons, taking into account their energy
distribution. ’
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